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- finite-element computer analyses.

Participant

EXECUTIVE SUMMARY

This project, which is directed toward an evaluation of the validity of
concepts of nondestructive evaluation of the load-carrying capacity of air-
field pavements, has been the most comprehensive single undertaking tc date.
Seven nondestructive test devices were used to test five sections of airfield
pavement at MacDill Air Force Base (AFB), consisting of two rigid, two flex-
ible, and one composite pavements and ranging from 20-in. portland cement con-
‘erete (PCC) to 5.5-in. asphaitic concrete (AC).
test data included empirical correlation analyses, and layered-elastic and
Six private firms each with a different
nondestructive testing (NDT) evaluation method provided evaluation results in
terms of allowable aireraft loads and overlay thicknesses.
duced one set of results using its new nondestructive pavement testing (NDPT)
method, and the US Army Engineer Waterways Experiment Station (WES) provided
three sets of results with the Dynamie Stiffness Modulus method and layered-
elastic analysis using data from the WES 16-kip vibrator and a Dynatest
Model 8000 Falling Weight Deflectometer (FWD) using layered-elastic analysis.
The participants in the project and the NDT equipment used by each were:

Analytical treatments ot the

The Air Force pro-
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NDT Equipment

ARE, Inc.
Louis Berger International

Dynatest Consulting
ERES Consultants, Inec,
Reinard W. Brandley

Pavement Consultancy Services
WES

Air Force Engineering and Services
Center (AFESC)

Dynaflect

Pavement Profiler Model 2000
Dynatest Model 8000 FWD
Dynatest Model 8000 FWD*
Dynatest Model 8000 FWD*
Brandley Centilever Beam
Shell FWD

WES 16-kip vibrator

Dynatest Model 8000 FWD
NDPT wave velocity van

* Tests were conducted by Dynatest Consulting for these

participants.

The tests werc conducted on pavement sections where test pits for density and

California Bearing Ratic (CBR) had bean placed 2 years earlier by the AFESGC, e TEF
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However, as carefully as the project was planned and conducted, the re-
sults are not conclusive. There is a lack of agreement between the allowable
load ratings and overlay thickness predictions of the NDT evaluation methods
to the standard test-pit rating, and a lack of agreement between results from
the NDT evaluation methods themselves.

The pavement materials such as limerock base and the sand subgrade at
MacDill AFB are not typical of most other airfield pavements. The standard
- test~pit data were collected 2 years prior to the NDT, although conditions and
‘material strengths probably had changed little. The test-pit measurements
reported by AFESC were suspected in the area of flexural strength (R) of PCC
and plate-bearing measurements. Standard test-pit measurements in terms of
CBR and subgrade modulus k in a cohesionless material such as the sand sub-
grade are difficult to obtain accurately. For the standard rating based on
test-pit measurements, test data collected in the 1940's were used to supple-
ment the AFESC test-pit data. The pavement properties used for the standard

evaluation were:

Test Area Pavement Properties

1 20-in. PCC, R = 750 psi
6-in. stabilized subbase, k = 300 pci
Subgrade (SP-SM)

2 11-in. AC
8-in. limerock base, CBR = 80
7-in. stabilized subbase, CBR = 30
Subgrade (SP) CBR = 25

3 5.5-in. AC
8.0-in, limerock base, CBR = 80
7.0-in. stabilized subbase, CBR = 30
Subgrade (SP), CBR = 25

y 7.5-in., AC
6.0-in. PCC, R = 650 psi
Subgrade (SP), k = 250 pci

Alternate as flexible pavement

5 7.5-in, AC
6.0-in, base, CBR = 80
Sutgrade (SP), CBR = 25

10.5-in. PCC, R = 650 psi
Subgrade (SP), k = 250 pci
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The NDT evaluation methods characterize the pavement structural layers
based on the response measured with the NDT devices. Most procedures produce
moduli values for the pavement layers and subgrade. Most of the evaluation
methods used a back-~calculating technique whereby moduli are determined
through as iterative process of matching calculated deflection basins to mea-
sured basins, The Air Force method determines the velocity of stress waves
propagated through the pavement layers and converts these to moduli.

A critical part of each pavement evaluation method is the relationship
v to performance. The link to performance in this study has been of a mea-
sured or calculated parameter in the form of limitihg stress or stirzin in the
pavement components, limiting deflection of the subgrade, and as correlations
to established pavement parameters such as CBR and k . All of these factors
are someway related to the number of load repetitions to cause failure of the
pavement system. The performance criteria must be based on real-world per-
formance of airfield pavements. The evaluation methods involved in this study
included such features as considerations of existing pavement conditions, sea-
sonal effects, load transfer at joints, and other important items. Some eval-
uation methods make predictions of rut depth and cracking as a function of
¢ plied traffic. ilowever, the performance predictions can only be as good as
the limiting criteria on which the predictions are based. This performance
ecriteria must be compatible with the evaluation method in which it is used;
i.e., it must be a closed system in that the computed moduli, limiting cri-
teria, and predicted performance have been derived and validated against true
performance standards. Different performance criteria may account for the
major differences in the evaluations of the test areas at MacDill AFB,

Norie of the NDT evaluation methods agreed perfectly with the standard
test-pit method in terms of allowable loads or overlay thicknesses. However,
the standard test-pit results make assumptions as to factors such as the qual-
ity of base and subbase material, load transfer at joints, condition of the
existing pavement, and traffic distribution that might be different from the
manner which the NDT evaluation methods treated the same variables. Conven-
tional tests such as CBR and plate-bearing tests are performed on partially
disturbed materials, because the pavement must be excavated to perform the
tests. In contrast, the NDT is a truly in situ test that evaluates the pave-~
ment without any disturbance or modification. The allowable aircraft loads

from the NDT evaluation methods appear to agree better with the test-pit
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method than do the predicted overlay thicknesses. The reason for this is not g‘j
readily apparent since the same bas:c approaches are used by most evaluation ng
methods for both sets of results.

This study has shown that NDT technology exists for evaluation of air- ::i
field pavements. For the pavements at MacDill AFB, some NDT evaluation §:ﬂ
methods agreed better with the standard test-pit methnd than others. However, SR‘
the pavements at MacDill AFB are rather nontypical, and those NDT evaluation -':
methods that did not give good results at MacDill may give more agreeable (i;
results on different pavements. The lack of agreement between results of the 522.
NDT evaluation methods does justify concern and may point to the need for a ;r;'
standard evaluation method.

7 This study has also indicated that further comparisons of the NDT evalu- Yo
ation methods should be made on an airfield with pavements more representative ;5
of typical conditions such as on a clay subgrade. The clay subgrade would éi;_
allow more exact CBR and k measurements with higher confidence. Test-pit ¥ :
measurements should be made concurrently with the NDT. The airfield should ;ﬁﬁ
be of a medium-load design so that the allowable loads would not be at the ;éﬂ
maximum-design loads, and the required overlay thicknesses would be produced Eﬁgﬁ

for comparison. This would provide for a better comparison to the NDT re-

sults, and a more definite assessment of the validity of NDT. s
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PREFACE

This report was prepared by the Pavement Systems Division (PSD), Geo-
technical Laboratory (GL), of the US Army Engineer Waterways Experiment
Station (WES) under Air Force Project Order No. F-82-T4, The work was
sponsored by the Air Force Engineering and Services Center, Tyndall Air Force
Base, Fla. The Project Monitor was LTC Bill Tolson.

The work reported herein was performed during the period August 1982-
September 1983. WES engineers actively engaged in the project were
Messrs, Jim W, Hall, Jr., and Don R, Alexander. This report was prepared by
Mr. Hall. The work was performed under the direction of Dr, T. D, White,
Chief, PSD, and Dr. W. F. Marcuson III, Chief. GL.

COL Allen F. Grum, USA, was the previous Director of WES. COL Dwayne G.

Lee, CE, is the present Commander and Director. Dr. Robert W. Whalin is
Technical Director.
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CONVERSION FACTORS, NON-SI TQO SI (METRIC)
UNITS OF MEASUREMENT

Non-SI units of measurement used in this report can be converted to SI
(metric) units as follows:

Multiply By ) To_Obtain 0
degrees (angle) 0.01745329 radians ;:
Fahrenheit degrees 5/9 Celsius degrees or Kelvins® Y
feet 0.3048 metres ﬁ;
inches 2.54 centimetres NY
kips (force) 4448222 kilonewtons ;*'
kips (force) per 6.894757 megapascals =

square inch ga
miles (US statue) 1.609347 kilometres E:-
mils 0.0254 millimetres
pounds (force) L, yug222 newtons
pounds (force) per 6.894757 kilopascals
square inch
pounds (mass) 0.4535924 kilograms
pounds (mass) per 16.01846 kilograms per cubic metre
cubic foot
pounds (mass) per 27.6799 grams per cubic centimetre
cubic inch
square feet 0.09290304 square metres
square inches 6.4516 square centimetres

* To obtain Celsius (C) temperature readings from Fahrenheit (F) readings,
use the following formula: C = (5/9)(F - 32). To obtain Kelvin (XK) read-
ings, use K = (5/9) (F - 32) + 273.15.



COMPARATIVE STUDY OF NONDESTRUCTIVE PAVEMENT TESTING,
MACDILL AIR FORCE BASE, FLORIDA

PART I: INTRODUCTION

Background

1. The Air Force Engineering Services Center (AFESC), Tyndall Air Force )'g
Base, (AFB) Fla., requested that the US Army Engineer Waterways Experiment f;‘
Station (WES) conduct a study of various pavement evaluation techniques based N °
on nondestructive testing (NDT). In the 1982 statement of work for the proj- itﬂk
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ect the following background was given:

During recent years several nondestructive (NDT) pavement
evaluation systems have been developed by government

agencies and civilian firms to analyze the load-carrying ?b%
capability of airfield pavements. The use of NDT devices s
is seen as a great advance over costly and time-consuming NN
destructive evaluation techniques. Although the NDT de- i
vices do not allow the same analysis as destructive test- C;Qj
ing, the benefits of minimal operational impact and re- “a
duced effort to produce a final report are particularly g
attractive. The use of NDT by the Air Force for airfield akcﬁ

evaluation is now feasible and desirable; however, the
newness of the systems and the disparities in data re-
porting format (between NDT systems and destructive test-
ing) make a prudent selection of any type of NDT system

X
o~
o

bRy

difficult. To insure the Air Force receives the kind of g;!
information it needs in a given situation, familiarity :ﬂﬁj
with the NDT systems and the data they produce is needed. EpR
A side-by-side field comparison of available NDT systems T
which could be contracted by the Air Force would allow 5{}$
USAF personnel to make intelligent decisions about wi.ich " e
system to use in any given situation. This side-by-side YRR
comparison will be conducted at an airfield designated by R
AFESC that has been evaluated by destructive techniques ?j

which will provide comparison of NDT results with the
traditional system results.

R

2. The NDT of pavements was begun as early as 1933 by the German Efig
Research Society for Soil Mechanics and was further developed by the Royal fizé
Dutch Shell Laboratory in The Netherlands and the Road Research Laboratory ?Egj
in the United Kingdom. This early work used vibratory devices generally con- *'J:
sisting of counter-rotating eccentric masses arranged to produce vertical 5555
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loadings. Within the past 10 years or so, more advanced equipment such as the
electrohydraulic and electromagnetic vibrators and falling weight impulse
devices have been introduced.

3. WES has kept current in the advancement of NDT technology, particu-
larly as related to airfield pavements. WES followed the early work of the
Shell researchers and participated in joint effor:s during the 1950's
(Heukelom and Foster 1960; Maxwell 1960a, 1960b). As part of this early WES
work, wave propagation measurements were conducted at the American Association
of State Highway Officials (AASHO) Road Test (WES 1963) at Foss Field (WES
1964), and on military airfields (Maxwell and Joseph 1967) and roadways. The
Air Force sponsored early work (Hall 1970, 1972, 1973) at WES that led to the
development of the present WES NDT procedures. Additional work funded by the
Army, the Air Force, and the Federal Aviation Administration (FAA) produced
the present WES equipment and WE3 NDT evaluation method called the Dynamic
Stiffness Modulus (DSM) method (Ahlvin 1971, Green and Hall 1975). The DSM
method has been adopted by the FAA {1976) and the Department of the Army (Hall
1978). WES also conducted studies based on layered-elastic theory and devel-
oped procedures for NDT (Green 1978, Weiss 1980, Bush 1980z). In a study
conducted by WES for the FAA, several NDT devices were evaluated for use on

¥

P e
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s
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light airport pavements, and comparisons were made of the measurements made by
each (Bush 1980b). However, no attempt was made in that study to compare
analytical methodologies.

4, During the past 10 to 15 years, much effort has been applied by

various research organizations to the area of NDT, and as a result, numerous

ey
. ’I ‘l.

methods have been developed using a range of equipment, The Transportation

s
2
L)

Research Board (TRB) made a review of nondestruective evaluation of pavements

in 1978, and TRB formed a Task Force (A2T56) in January 1981 to make a state~
of-the-art review of NPT of airfield pavements (Moore, Hansen, and Hall 1978).
Some 15 different procedures have been brought before the Task Force of which

(LR
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e
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N
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e

the author is a member. Table 1 gives a list of the evaluation methods pre-

-

sented to the Task Force. The information and procedures being reviewed by

ht

the Task Force provided some of the background for selecticn of the partiei-
pants in this project. The evaluation methods selected for the study and
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reported hereir were those complete evaluation procedures that had been demon-
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n
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strated on airfield evaluation projects. Alsc selected were those methods

providing the full range of available NDT eguipment and analysis techniques.
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Purpose and Scope

5. The primary purvose of this study was to provide the AFESC with an
assessment of the nondestructive approach to pavement evaluation so that the
Air Force can make sound decisions as to the possible uses and benefits of NDT
pavement evaluation methods. It was not the purpose of this investigation to
identify any "best method" but rather to assess the state of the art, demon-
strate differences in test and analysis methods, and study the impact of these
differences on results at one airfield. Because it is possible to obtain the
best answer for the wrong reason (accidentally compensating mistakes), a com-
parative evaluation at a single airfield (that is, a single type of subgrade
and base course) could never be used as a basis for defining one method as
best (Hadala 1975). Comparative evaluation of different methods will give the
decision maker a reasonably good exposure to the differences in the methods,
their individual strengths and weaknesses, their areas of commonality, and a
feel for the effect of the differences on practical engineering decisions.

6. The scope of the project involved comparisons of selected NDT equip-
ment and procedures on representative airfield pavements and a comparison of
the NDT results with those obtained from the standard Air Force evaluation
prccedures based on test-pit measurements, WES selected six leading firms
with demonstrated NDT capabilities. These firms are helieved to represent the
state of the art or terms of commercial NDT equipment and available analytical
evaluation methods. In addition, WES demonstrated three NDT procedures that
it had developed and the AFESC demonstrated its new NDT evaluation method.

The field demonstrations were conducted or. five selected test areas at MacDill
AFB, Tampa, Fla., during October and November 1982. The test areas at MacDill
AFB had each been evaluated in March 1680 by test-pit measurements in each of
the five test areas. Each participant made an evaluation of the test areas
and independently submitted a report to WES. Allowable gross aircraft load-
ings were computed for each test area for the 13 aircraft groups and 4 pass
intensity levels as given in Air Force Regulation AFR 93-5 (Headquarters,
Department of the Air Force 1981). Also, overlay thickness requirements were
determined fo~ the KC10A (DC-10-30) aircraft at a total of 1,000 passes and
for the E4 (B-747) aircraft at 10,000 passes. This report contains results
presented by each of the participants and makes comparisons with the standard

Air Force evaluation procedure based on test-pit measurements.
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Site Selection

7. The AFESC selected MacDill AFB as the demonstration site. A visit
was made to MacDill AFB on 30 August 1982 by LTC Bill Tolson and CPT Paul
Foxworthy of AFESC and Mr. Jim W, Hall, Jr.,, of WES. Five test areas were
selected to provide a range of pavement types and strengths. Figure 1 shows a
layout of the airfield at MacDill AFB indicating the five test areas, A test
pit had been placed in each of the test areas during a pavement evaluation

~conducted by AFESC in March 1980. The information obtained from each test pit

as reported in the pavement evaluation report is shown in Figure 2 (AFESC

- 1980). Note that the subgrade material was classified as an SP sand* in Test

Areas 2-5 and as an SP-SM sand in Test Area 1; therefore, the subgrade was
nearly the same for all test areas. A construction history for each of the

test areas is shown in Table 2.

Description of Test Areas

8. Each of the test areas contained approximately 50,000 sq ft¥** of
pavement. This size was selected to be large ennugh to provide a representa-
tive amount of pavement and yet permit all five test areas to be studied in
1 day by each partieipant. The test areas were selected so as to provide the
least interference with MacDill AFB's daily aircraft operations. Each test
area was outlined and marked so that location of all tests could be
identified.

Test Area 1

9. The pavement in Test Area 1 consisted of a 20-in. portland cement
concrete (PCC) pavement., The 25- by 20-ft slabs constructed in 1959 were in
excellent condition. The test area, located on Taxiway 33 at MacDill AFB,
was 3 slabs wide (75 ft) by 28 slabs long (700 ft). A layout of the area is
shown in Figure 3; the marking system was used to locate all NDT measurements.
Test Area 1 contained no observable surface distress. An overall view of Test

Area 1 is shown in Figure 4.

R e dR R e N
DR

% Classified according to the Unified Soil Classification System (USCS).
% A table of factors for converting non-SI units of weasurement to S!

(metric) units is presented on page 7.
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Test_Area 2 g
10, Test Area 2 was located on the Parallel Taxiway (Taxiway 3B) to the Eﬁ

Main Runway and was constructed in 1943. An asphalt concrete (AC) overlay was .
placed in the center 18 ft of the taxiway in 1956, and additional overlays -
were placed in 1963 and 1971, The pavement was in good condition, but con- b
tained longitudinal and transverse cracking. This test area, shown in Fig- %;
ure 5, was 75 ft wide and 700 ft long. Station numbers, beginning with 0+00 r’
at the south end of the test area, were marked every 100 ft along the center —%i
~ line., Figure 6 is an overall view of this test area, ,WE;
Test Area 3 25
11. Test Area 3 was along the same parallel taxiway as Test Area 2 but 7%%
farther north. This pavement was also constructed in 1943 and was originally §§
identical to Test Area 2. The original asphalt surface had been overlayed >
with AC in 1956 and again in 1969. This area was considered in fair con- )
dition, although exhibiting considerable distress in the form of block crack- a
ing. This test area shown in Figure 7 was 40 ft wide by 1,000 ft long. This tﬁ

AWk W M

LY

area was confined to the U40-ft width because the pavement outsice this width
was apparently not the same thickness, Station numbers were marked at 100-ft
intervals beginning with 0+00 at the south end, Figure 8 gives an overall

L]

Chihd
-

view of Test Area 3.
Test Area 4

12. Test Area 4 was a composite section located in Apron 1-A-1. The
original 6-in., PCC pavement was constructed in 1941 with a slab size of 25 by
25 ft. An AC overlay was placed on this pavement in 1952 followed by a slurry
seal in 1966. Considerable reflective cracking of the joints and cracks in
the underlying slabs had occurred. The overall condition was considered good.
The layout in Figure 9 shows the identification scheme used. Letters A-E were

e
.
- -.-‘

o S d
o 80

=52

O

]
»
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e
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marked every 50 ft along one side and station numbers were marked every 50 ft
along the other direction. The area was 200 by 250 ft. Test Area 4 is shown

I

-
.

g
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R AL
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in Figure 10.

LY

Test Area 5 e
13. Test Area 5 was a 10,5-in, PCC pavement with 15- by 12.5-ft slabs. ﬁﬂ

Ln

The pavement, constructed in 1975, consists of the slabs placed directly on }2
A J'.

the sand subgrade. This apron area, designated Apron 1-A, 1s actively used o0
for F-16 aircraft parking. The pavement was in excellent condition with only ¥
minor distress in the form of corner aspalls and joint spalls. Figure 11 gives 33
0
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a layout of this test area anc¢ shows the identification scheme used. The rec-
tangular area consist~d of a total of 270 slabs with 18 slabs along the
12.5-ft slab dimension and 15 slabs along the 15-ft-slab dimension. Let-

ters A-O were used to identify the slabs along the 15-ft slab dimension and
numbers 1-18 were used to label the side with the 12.5-ft-slab dimension.
Figure 12 is an overall view of Test Area 5.

Physical Properties of Test Pavements

e

PR )

14, The pavement properties (California Bearing Ratio (CBR), subgrade
modulus k , flexural strength) used by AFESC for evaluation differed from

-
2

those reported in earlier pavement evaluation reports (US Engineer Office, '%%
Jacksonville, Fla, 19U4; Office, District Engineer, Savannah, Ga. 1947; US 52
Army Engineer District, Jacksonville, Fla. 1960) and condition survey reports :%
(US Army Engineer, Ohio River Division Laboratories 1954; the Rigid Pavement ;?
Laboratory, Ohio River Division Laboratories 1960; Construction Engineering ;!
Laboratory, Ohio River Division Laboratories 1964), Table 3 compares these ia
pavement properties for the pavements located .n each of the five test ES
areas. Two primary differences are the flexural strength R of the PCC and 5}
the subgrade modulus k . g
15. For Test Areas 1, 4, and 5, AFESC reports flexural strengths of Eﬁ

480, 580, and 470 psi, respectively (Table 3 (AFESC 1980)). Earlier reports :"ﬁ
4

l showed flexural strengths of 750 psi for Area U (Table 3, US Engineer Office,
Jacksonville, Fla. 1944; US Army Engineer Distriet, Jacksonville, Fla. 1960;
US Army Engineer, Ohio River Division Laboratories 1954). The AFESC used
results from tensile-split tests on H-in.-diam cores and obtained the flex-
ural strength from correlations of tensile-split test results to flexural
strengths, Generally, fairly good correlation results by using 6-in.-diam
cores, but the correlation with 4-in.-diam cores is poor (Hammitt 1974).
Flexural strength generally does not decrease with time; therefore, the values
given in the earlizr reports are probably more representative of actual

E flexural strengths.
. 16, Some subgrade strengths in terms of subgrade modulus k are not

congistent with values reported in the earlier evaluations. Subgrade modulus
k of B85 and 80 pei for Test Areas 4 and 5 are in disagreement with values
ranging between 250 and 400 pci measured in the earlier evaluations. CBR
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values of 35 and 30 were measured by AFESC on the sand subgrade in Test
Areas 2 and 3, raespectively. The sand subgrade, classified as a poorly graded
sand (SP), appears to be fairly uniform throughout the airfield. Acecording to ‘
the correlation between CBR and k , a CBR of 30 corresponds to a k value of - {E
300 pei or greater, and a CBR of 25 corresponds to a k of approximately f¢3
250 pei (Hall and Elsea 197l4). Therefore, the k values of 80 and 85 pei ;:
seem unreasonably low for these conditions. L
' 17. Also, some discrepancy exists as to the thickness of pavement g:a
7 layers. Thicknesses reported by AFESC for evaluation (Table 3, (AFESC 1980)) f:j
O
are not the same as indicated by AFESC test-pit data (Figure 2). Thicknesses $?$
. Ryt
‘given by earlier pavement studies are also somewhat different (US Engineer **i
Office, Jacksonville, Fla. 1944; Office, District Engineer, Savannah, Ga. SES
1947; US Army Engineer District, Jacksonville, Fla. 1960; US Army Engineer, “33
Ohio River Division Laboratories 1954; the Rigid Pavement Laboratory, Ohio ;"f'.'j
River Division Laboratories 1960; Construction Engineering Laboratory, Ohio Qﬁ;
River Division Laboratories 1964). The AFESC report gives additional thick- 2
vy
ness measurements made from core borings (AFESC 1980). All of the available ":;{3
e
thickness information was used to select a set of vaiues for each of the five iiﬁ
A
test areas for use in the study reported herein. ﬂ’i
18. Based on the above considerations and a review of all available E{{
information on the test area pavements, the following properties have been itf
Q.‘-\...-
selected for the standard test-pit analysis for this study: b
bl
Test Area Pavement Properties —
1 20-in, PCC, R = 750 psi where R denotes ht,
flexural strength e
6-in,-stabilized subbase, k = 300 pecl ?ﬁi
Subgrade (SP-SM) ﬁbﬁ
2 11-in. AC -
8-in., limerock base, CBR = 80 ?%j{
7-in, stabilized subbase, CBR = 30 N
Subgrade (SP), CBR = 25 7l
o
3 5.5-in, AC ?iﬁ
8.0-in. limerock base, CBR = 80 S0
7.0-in, stabilized subbase, CBR = 30 {~7:
Subgrade (SP), CBR = 25 ::’:’:
£
rnc!‘..-
Loed
2y,
(Continued) E@ﬁ
A
14
N




Test Area Pavement Properties

u 7-5‘1“. AC
6.0-in. PCC, R =
Subgrade (SP), k

650 psi
= 250 pei

Alternate as Flexible Pavement

5 7.5-in. AC
‘ 6.0-in, base, CBR = 80
Subgrade {SP), CBR = 25

~--10.5-in. PCC, R = 650 psi L o
Subgrade (SP), k = 250 pei

Project Requirements

19. The specific requirements of the project were to (a) select several
of the better NDT procedures and equipment for demonstration, (b) have each
procedure demonstrated through field tests on each of the five test areas at
MacDill AFB, (c) obtain pavement evaluation reports from each procedure giving
allowable loadings and overlay requirements for each test area, and (d) com-
pare the results from each method with the standard Air Force evaluation based
on test-pit measurements, The original plan was to use the test-pit data col-
lected in 1981 by AFESC; however, some changes were made to these data as
previously discussed.

20. Each participant in this demonstration project was given a full day
at MacDill AFB to test all five test areas. With the exception of the AFESC,
who performed tests for several days, only one participant was on the field
for any given day of the demonstration. At the completion of the field tests,
each participant provided WES a copy of the field test data.

21, Each participant prepared an evaluation report of the five test
areas. This evaluation required the assessment of the allowable gross air-
craft loads (AGAL's) for all 13 military aircraft groups at four specified
pass intensity leveis as given in AFR 93-5 (Headquarters, Department of the
Air Force 1981). A pass intensity level is a specified number of aircraft
passes (operational movements) for which the AGAL is to be determined. There-
fore, the AGAL for pass intensity I would be less than the AGAL for pass in-
tensity II, ete., since pass intensity I requires more passes than pass in-
tensity II. The 13 aireraft groups and the various aircraft in each group are

15
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shown in Table 4. Table 5 shows the controlling aireraft (primary aircraft to
be considered) in each group and gives the number of passes for each group for
each of four pass intensity levels. Note that the number of passes for a
given pass intensity level is not the same for all 13 aircraft groups. The
characteristics of the controlling aircraft in each of the 13 aircraft groups
to be used for pavement evaluations are shown in Table 6. The evaluation by
“each participant also included overlay thickness requirements for each of the
five test areas for two design loads: (a) 1,000 passes of the DC-10-30
aireraft (KC 104), and (b) 10,000 passes of the B-TU7 aircraft (E-H4).
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PART II: NONDESTRUCTIVE TESTING EVALUATION METHODS ggg

3

Selection of NDT Evaluation Methods §3§

22. In the selection of the NDT evaluation methods to be demonstrated, ﬁﬂ

both equipment and analytical procedures were considered. The participants LS
selected were those with a unique and demonstrated capability (experienc: in ES
evaluating airfield pavements). Because several types of NDT equipment were Sg
available for nondestructive pavement testing (NDPT), attempts were made to —;3
include evaluation methods that would demonstrate all equipment types. Eval- ?E%
uation methods in use included a range of analytical treatments, and again, ,ES
effort was made to include a cross section of various analysis schemes. Six q!
private firms, WES, and AFESC were selected to participate, and sole-source §§
contracts were negotiated with each private firm, WES also nontracted with ﬁ:
the New Mexico Engineering Research Institute (NMERI) to have its represen- ;&
tative assist in the demonstration of the AFESC methodology. The NMERI was gg
the developer of the AFESC procedure. The following is a list of the parti- Eﬂ
cipants and the equipment used by each: :3?
Participant NDT Equipment ,-'

ARE, Inc. Dynaflect ES
Louis Berger International (Berger) Pavement Profiler Model 2000 N
Dynatest Consulting (Dynatest) Falling weight deflectometer (FWD) <
Dynatest Model 8000 t‘

ERES Consultants, Inc, Dynatest Model 8000 FwWD* ;g
Reinard W. Brandley (Brandley) Dynatest Model 8000 FWD¥ Ef
Brandley Centilever Beam ;é

i Pavement Consultancy Services (PCS)  Shell FWD _’
WES WES 16-kip vibrator b
Dynatest Model 8000 FWD b

4 AFESC NDPT wave velocity van E
% Tests were conducted by Dynatest Consulting for these participants. :

23, Each participant demonstrated its analytical procedure using test Z

data from the NDT device used. Ten different analysis schemes were considered Q
in the study. These consisted of gix evaluation methods from the sias private ;
4

firms, the AFESC evaluation method, and three evaluation methods from WES,

17




Field Demonstrations

24, The field tests were conducted during the period 26 October to
3 November 1982. The date on which the areas were tested by each participant

were:

Participant Date
PCS 27 October 1982
ARE 28 October 1982

. Dynatest B - .29 October 1982
ERES 30 October 1982
Berger 31 October 1982
~Brandley 1 November 1982
WES 2 November 1982
AFESC 27 October-

3 November 1982

25, The field tests were coordinated with MacDill AFB operations. All
test areas were fairly free of aircraft movement during the 6-day test period
except Test Area 5. In this area, which is the parking apron for F-16 air-
craft, some delays in the testing were experienced because of frequent air-
craft movements. Test Area 4 was used as a parking apron for F-111 airecraft
on 2 November, making some of this area unavailable to WES.

Description of NDT Equipment

26, Seven NDT devices were used in the project and characteristics of
each are presented in Table 7. Three devices--the WES 16-kip vibrator, the
Berger Pavement Profiler, and the ARE Dynaflect--operate with a vibratory
loading., All of the other devices use an impulse (drop-weight) loading. All
devices except the Air Force NDPT device measure the deflection response of
the pavement surface to the applied load. The Air Force NDPT device operates
on the principle of wave propagation. A brief description of each NDT equip-
ment used in the project is given.

ARE Dynaflect
27. The Dynaflect is an electromechanical system for measuring the

dynamic deflection of a pavement caused by an escillatory load. It is
manufactured by SIE, Tnc., Fort Worth, Tex. This trailer-mounted device
(Figure 13) applies a 1,000-1b peak-to-peak sluusoidal load Lo the pavement,

The load is generated by two counterrotating masses that rotate at a constant
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frequency of 8 Hz. The force is transmitted to the pavement through two
J-in,-wide, 16-in.-outside-diam polyurethane-coated steel wheels spaced 20 in,
apart. The Dynaflect applies a 2,000-1b static weight to the pavement.

28. The pavement response to the dynamically applied load is measured
with 210-g0, 4.5-Hz geophones that are shunted to a damping factor of approxi-
mately 0.7. One geophone is located directly between the tuwo steel wheels.
The other four geophones are spaced at 1-ft intervals toward the front of the
trailer,

Berger Pavement Profiler Model 2000
'29. This device is a Road-Rater Model 2000 manufactured by Foundation

Mechanies, Inc., El Segundo, Calif. The Model 2000 applies a peak-to-peak
cyclic load of 4.5 kip at a frequency of 25 Hz., The trailer-mounted device
(Figure 14) is an electrohydraulic system. The Model 2000 has a self-
contained power supply. The gascline engine supports the hydraulic and
electrical systems of the device. The reaction mass of the Model 2000 is
2,000 1b,

30. Three load cells mounted on the load plate monitor the force. The
three load cells are summed for total-force output. Deflection is monitored
by four velocity sensors. The first is located in the center of the 18-in.-
diam load plate, and the other three are at 12, 24, and 36 in. or 12, 24, and
60 in, from the center of the load plate.

Dynatest FWD

31. The Dynatest 8000 FWD is an impact load device that applies a
single-pulse transient load of approximately 25-30 mseec duration. This
trailer-mounted device (Figure 15) measures both applied load and seven de-
flection points on the pavement with the maximum distance of the deflection
point being 7 ft from the center of the load plate. The load is adjustable to
a maximum of 24,006 1b and is applied through a 300-mm (approximately 12-in.)
diam load plate. The system ig controlled with a Hewlett-Packard HP-85 com-
puter that also reccrds the output data, This equipment is shown in
Figure 16.

Brandley deflection heam
32. The Brandley deflection beam (Figure 17) is used for testing joints

in PCC pavement sections to determine the effectiveness of the load transfer
at the Joints., The test procedure consists of placing a cantilever deflection

beam on the slab with two lincar potentiometers loeated at the free end of the

19

c -

-----

8
o«

7

a2t et

A

,...,,..
2@

gy

LR ERES. 1
V. A



—
%
beam. The beam is set on the slab such that one of the potentiometers is lo- %:E
cated on one side of the joint and the other potentiometer is located on the 3?$
other side of the Joint. A rubber-tired wheel, which imposes approximately ?&z
the same total load as the aircraft using the pavements, is then pulled or E;E
driven across the joint perpendicular to the joint and passes immediately ad- ggz
Jjacent to the location of the potentiometers. In this manner, the total rela- BN
tive deflection of the slab at the joint and the relative movement of one slab éké
with respect to the other slab (slab rocking) as the wheel moves over the f”!
Joint can be measured and recorded. A test vehicle with 50,000 1lb per single '5(
wheel would normally be used, but the only equipment availabie at MacDill AFB :ﬁi
- Wwas a truck-mounted crane with three axles. The rear axles had dual wheels, L%%
and cach of dual wheels was loaded to 7,000-8,000 lb. Because this was the ;:;
only equipment available, the tests were conducted using these loads. éf;
PCS FWD oo
33. The PCS FWD applies a pulse load to the pavement surface by drop- i‘]
ping a mass on a baseplate that is connected to the load plate by a set of :25
springs. The maximum force is 22.4 kips, and the force is varied by adjusting Q*d
the drop height, Both force and deflection are electronically recorded. hg:
Velocity transducers, which are electronically integrated to measure deflec- Sgﬁ
tion, are located at the center of the load plate and at three radial dis- E&;
tances of 60, 100, and 200 cm. This trailer-mounted device is shown in Fig- .
ure 18, and the data recording equipment is shown in Figure 19, ! p
WES 16-kip vibrator y-ﬁ
34. The WES 16-kip vibrator shown in Figures 20 and 21 is an electro- ?f;
hydraulic vibratory loading system. The unit is contained in a 36-ft semi- ?;;
trailer along with supporting power supplies and automatic data recording ii:i
equipment. A 16,000-1b preload is applied to the pavement with a superimposed gt
dynamic load ranging up to 30,000 1lb peak-to-peak. The dynamic load can be Q&H
applied over a frequency range of 5§ to 100 Hz but the standard test frequency t};ﬁ
is 15 Hz. The dynamic load is measured with a set of three load cells mounted E§3
on an 18-in.-diam load nlate. Velocity transducers located on the load plate “ff
and at points away from the plate are calibrated to measure deflection. Test T2
results are recorded on X-Y plotters and a digital printer. :Esg
35. Data collected with the WES 16-kip vibrator are the DSM and deflec- e
tion basing. DSM is the slope (load/deflection) of the dynamic load versus ??ﬁ
deflection curve obtained by sweeping the for:e from zero to maximum at a e
;if;
20 v
“ol




constant frequency of 15 Hz. This slope is taken at the maximum force
levels. The deflection basin is obtained by measuring deflections at
distances of 0, 18, 36, and 60 in. from the center of the load plate. The
deflection ratio A60/A18 (obtained by taking the deflection at 60 in. and
dividing by the deflection at 18 in.) is used to determine the radius of
relative stiffness & for rigid pavements using the developed correlations.
WES FWD '
' 36. The FWD used by WES is a Model 8000 manufactured by Dynatest (Fig-
ure 22). A dynamic force is applied to the pavement surface by dropping a
440-1b weight onto a set of rubber cushions, resulting in an impulse loading.
The applied force and pavement deflections are measured with load cells and
velocity transducers, respectively. The drop height can be varied from 0 to
15.7 in. to produce a force from O to 15,000 lb. The load is transmitted to
the pavement through an 11,8-in.-diam plate. The signal-conditioning equip-
ment displays the resulting average pressure in kilopascals and the maximum
peak displacement in micrometers. As many as three displacement sensors may
be recorded at one time.

37. FWD data collected were deflection basin measurements. Displace-
ments were measured on the load plate and at distances of 12, 24, 36, and
48 in. from the center of the load plate. Because this particular model has
only two transducers for deflection basin measurements, the four deflection
points were obtained by dropping the weight twice and shifting the transducers
to the additional spacings.
Air Force NDPT device

38. The AFESC NDPT device is an impact hammer used to excite the pave-

ment system to measure wave velocity response. The hydraulically operated
hammer can be dropped from 6 to 36 in. and the drop weight varied from 220 to
500 1b. The assembly is equipped with grippers that 1ift the hammer, release
it, and then catch the hammer after the first impact to prevent the hammer
from striking the pavement more than once. A 12-in.-diam loading plate is
used Wwith a rubber mat on PCC pavement and without the mat on AC surfaces.
Accelerometers are generally placed on the pavement surface at 1, 2, 4, 8, and
16 ft from the edge of the load plate. Signals from the accelerometers are
collected through a Hewlett-Packard HP-69U42 multiprogrammer and transferred to
an HP-98USB computer for analysis and stored on an HP-9895 floppy disk.

39. The computer is primarily used to compute fast Fourier transforms



(FFT) for phase angle versus frequency and wave velocity versus wavelength
(dispersion) plots immediately after the data are acquired. When sufficient
data are collected for interpretation of the dispersion curve (based on oper-
ator experience), the data are stored on the floppy disk and a hard copy is
made.

4o. It is from this hard copy that the operator selects the velocity
values that will ultimately be used in the computer analysis for load-carrying
capability of the pavement. The van containing the NDPT device is shown in
Figure 23. A close-up of the impact hammer and load plate is shown in Fig-

ure 24,

Summary of NDT Evaluation Methods

k1. A brief description of the analytical procedures used by each
evaluation method is given here. Table 8 gives a summary of some important
characteristics of the methods. A more detailed description is given in
Appendix A,
ARE, Inc. (1983)

42, Deflection basin data from the Dynaflect are used with the BASFIT

program, which is a deflection-basin fitting program that prodicts moduli of
the pavement layers and subgrade. A layered-elastic program AIRPOD is used in
a fatigue analysis to predict remaining pavement life and allowable loadings.
Another layered-elastic program ELSYM-5 is used to compute overlay thickness

requirements.

Louis Berger International Ine. (1983)

AN

Ty

43, The evaluation method used by Berger is a combination of layered-
elastic theory and a modified version of the WES DSM method (Hall 1978). Test

data were collected with the Model 2000 pavement profiler. Deflection basin 5
data were used to back-calculate elastic moduli of the pavement layers and ?i
subgrade. These moduli were used for an apparent quality assessment of the é&f
pavement materials. A correlation was used to convert the DSM's measured with {?»

the pavement profiler to the DSM that would be obtained with the WES 16-kip Foed)
vibrator. Then the DSM procedure with some modifications was used to evaluate ﬁf:f

e
the load capacity. For flexible pavements, a subgrade CBR was determined from j:jj

both the DSM prcecedure and from the calculated subgrade moduli. The CBR

g
e

¢ (:‘ M
3

values were then used with the CBR design curve to determine allowable load
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and overlay requirements, The DSM was used to determine allowable loadings
for rigid pavements using a modified relationship of DSM to allowable gross
load. Load transfers at joints in rigid pavements were evaluated with the
pavement profiler.
Dynatest Consulting (1983)

L4, Dynatest uses the Dynatest 8000 FWD to measure deflection basins,
and these measurements are the input for a computer program called ELMOD

developed for an HP-85 microcomputer. The ELMOD program includes the method
of equivalent thicknesses (MET) to calculate the elastic modulus of up to four
" pavement layers (Ullidtz 1973, 1977). Nonlinearity of the subgrade is con-
sidered in these calculations. Evaluations of joints and corners of rigid-
pavement slabs are made with the FWD tests and Westergaard equations (Wester-
gaard 1948). The ELMOD program allows consideration of seasonal temperature
effects in the load evaluation. The performance criteria used by Dynatest are
permissible normal stress in unbound materials and subgrade, horizontal strain
at the bottom of AC, and a fatigue relationship based on flexural strength for
PCC (Herholdt et al. 1979).
ERES Consultants, Ine. (1982)

45, The ERES procedure for NDT evaluation uses the Dynatest Model

8000 FWD test results; three load magnitudes are used including the maximum of
24 kips. Pavement layer stiffness values are back-calculated from the mea-
sured deflection basins using a layered-elastic program for flexible pavement
and a finite element program (ILLISLAB) for rigid pavement. The method for
flexible pavements is to model the pavement as a two-layered system to deter-
mine the subgrade modulus, and then to calculate other layer moduli that match
the theoretical deflection basin to the measured basin (Hoffman and Thompson
1981). Failure criteria for flexible pavement includes radial strain in the
asphalt and vertical strain in the subgrade; both ruiting (Chou 1976) and
fatigue (Bonnaure, Gravois, and Udron 1980) are considered. Fatigue life of
the limerock base course was also part of the flexible pavement analysis
(Larson and Nussbaum 1967). For rigid pavements, an E modulus of the con-
crete and a subgrade k modulus are calculated by matching the area of the
center slab delfection basin and the maximum deflection, Failure criteria are
a relationship of aircraft coverages to concrete modulus of rupture stress
ratio. The modulus of rupture is estimated from the E of the slab. Mea-

sured load transfer at joiuls is accounted for in

cr

he evaluation,
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Reinard W. Brandley (1983)

U6. Brandley used test results from the Dynatest 8000 FWD, the WES f},
16-kip vibrator, and the cantilever deflection beam. Two loads were applied e
with the FWD, 830 and 1,500 kPa. Test data from both the FWD and the 16-kip Sbn
vibrator were used with the Dynatest programs of the ELMOD and ISSEMY. These F3$
programs, along with the Chevron layered elastic model program, were used to E:f
calculate moduli of the pavement layers and subgrade from the FWD deflection f”
data. These moduli were used to compute subgrade deflection under different :Sil
aircraft loadings; these were compared to the Brandley limiting subgrade ;{i.
deflection criteria to obtain the evaluation results (Brandley 1975). Joint ﬁi:
conditions in rigid pavements were evaluated using the cantilever beam, It is rr%i
the opinion of Brandley that neither the FWD nor the 16-kip vibrator can ;E:i
adequately load joints to measure load transfer. :{;;
PCS (1983) o~y

47. The general approach of PCS demonstrated in this project is the ﬁ;i‘
collection of deflection data with the PCS FWD, input of these measured )
deflection basing into the BISAR layered-elastic computer program, and back- ?’&?
calculated elastic moduli (E) for the pavement layers. These moduli are then qﬁi'
translated to CBR and/or subgrade k modulus from corr: iations such as a¥ ]

E = 1,500 CBR ;?.’-';;
E = 10X where x = 1.415 + 1.284 log k r g
E in units of psi and k in units of peci X ’:'-
The values of CBR were used for flexible pavements, while k values were ’?gj
obtained on the rigid pavements, and these values were used with the conven- 3& X
tional Air Force load evaluation procedures to determine the allowable air- L;:i
Ca

eraft loadings and overlay thickness requirements {Headquarters, Department of
the Air Force 1981), The method used by PCS for load evaluation used the

1,

flexible pavement design equation developed by WES and the equivalent single- by ?
o

wheel analysis (Yoder and Witczak 1975). For rigid pavements the evaluations rg;}
were based on the Westergaard free-edge stress. *55,.
Al

ti‘"\f

WES DSM method hoia
(Hall and Alexander 1983) N Ay
IS,

48. The DSM procedure is based on correlations between DSM (load/ ::::

hy

deflection) measurements with the WES 16-kip vibrator and the allowable

single-wheel load (ASWL) as determined from test-pit measurements. DSM is a

2y




ratio of dynamic load:deflection. The correlations were developed from tests

on a large number of inservice airfield pavements. The procedure for NDT

evaluation provides for correction of deflection measurements on AC for

temperature effects, calculation of the effective subgrade CBR for flexible

" pavement, and determination of the raduis of relative stiffness for rigid
pavement (Asphalt Institute 1969). Existing analytical relationships from the
standard US Army Corps of Engineers design procedures convert the ASWL to AGAL

--and compute overlay thicknesses (Headquarters, Departments of the Navy, Army,
and Air Force 1978; Headquarters, Departments of the Army and Air Force 1979),

A load reduction factor based on joint load transfer measurements is included o
in the procedure, ' e

™

WES layered-elastic f,f
method (Hall and Alexander 1983) s

49, This evaluation method (Bush 1980a, Alexander 1982) uses deflection
basin measurements from the WES 16-kip vibrator or FWD as input to layered-
elastic computer programs (Bush 1980a, Alexander 1982)., The program used is
BISDEF, which is a modification of the BISAR program (Bush 1980a, Peutz 1968).

Elastic moduli of the pavement layers and subgrade are back-calculated, and

these moduli are then used in the AIRPAV layered-elastic program to determine
allowable loads and overlay thicknasses (Alexander 1982). Failure criteria
consists of limiting tensile stress in the bottom of PCC slabs, and limiting
horizontal tensile strain 'n AC and vertical subgrade strain in flexible pave-
ment subgrade. A load reduct: n factor based on joint load-transfer measure-
¥ ments is ineluded in the procedure,
AFESC (1983)

' 0. Data from the Air Force NDPT impulse load device are interpreted

) 2

to give shear wave velocity values for each pavement layer and subgrade.

AR

These velocity values are converted to elastic moduli, which are used with the

®
“or

PREDICT computer program to determine allowable aircraft loads. Performance

- w1
1 .

criteria are based on tensile stress or strain in the pavement surface layer

~
P
-

and subgrade compressive strain. Overlay thicknesses are not presently

determined by the method. Load transfer at joints is not measured.




PART III: COMPARISON OF RESULTS

- e

Test Data Comparisons

51. The scope of this project does not provide for an indepth study of
NDT equipment capabilities and comparison but, instead, concentrates on the
complete evaluation method. However, some comparisons of results from differ-

ent equipment that are readily available are offered here. Test data col-

lected with each NDT device are presented in Appendix B. Some study of pave-

e T

h

ment response in terms of measured parameters, such as deflections, deflection

[ RA '1,

basin, applied load, loading frequency, and wave velocity, may aid understand-
p ~ ing of NDT equipment requirements. 7

52. Most of the NDT evaluation methods make use of the deflection basin
(shape of deflected pavement sucrface) for calculation of layer moduli. A com-

parison of the deflection basins measured with each of the test devices near

«

|

the 1980 test-pit locations is presented in Figures 25 through 29. The Air

e

Force NDPT device does not measure deflection, and is, therefore, not in- Q;‘

.-
e
n Y

L] ot

cluded. These figures show the relative magnitude of displacements corre-
sponding to the maximum dynamic/impulse force for each particular test device.

o

These deflection data were then normalized in terms of a unit force of §£E
1,000 1b by dividing measured deflection by applied force; the resulting value Eﬁj
is termed unit deflection. The static load (preload) applied by some devices ?&g
(WES 16-kip vibrator, Berger Pavement Profiler, and ARE Dynaflect) 1s not con- ar
sidered in these comparisons; only the applied dynamic load was used. Unit :;:ﬁ
deflections in mils per 1,000 lb of applied force are presented in Figures 30 t&:%
through 34. The Dynaflect, which has the smallest measured deflection at all :tti
test areas, gives the largest unit deflection for Test Areas 1, 4, and 5. h{;
Test Areas 1 and 5 are rigid pavements and Test Area Y is a composite ?ﬁ?i
pavement. iﬁ;
53. A quantity often used to express the pavement response to nonde- Eg;g
structive testing is a ratio of load/deflection or stiffness. To make addi- "
tional comparisons of the pavement response with the NDT devices used in the EZ%E
project, a comparison of stiffness measurements is presented in Table 9. E:Ef
Table 9 gives an average stiffness for each test area for each NDT device. :::;
The number of tests conducted on each test area and used for the average pi;
stiffness is shown, Also shown is an average stiffness for each test area gzﬁ
e
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which was obtained by averaging the average stiffness for each NDT device for
that test area. The standard deviation and coefficient of varjation are shown
for each set of data. The coefficient of variation is of interest because it
gives some indication of the variability of each NDT test device on the dif-
ferent test areas, A graphical comparison of the stiffness measured by each
NDT device is a ratio of the average stiffness from all devices (Figure 35).
Differences in load plate diameter, static preload, and dynamic load may pro-
duce different stiffness values, and these factors are not considered in Fig-
ure 35. However, a study of Figure 35 shows how the measurements vary from
the a‘erage as a function of pavement strength., The PCS FWD and Dynaflect FWD
have vy similar characteristics, yet these do not c¢losely agree in this com-
parison. The two devices manufactured by Dynatest (Dynatest FWD and WES FWD)
do agree well even though the dynamic load magnitude is different. The great-
est variation occurred in Test Area 3, the composite pavement, No consistent
trend developed as to which device had greater or lesser variation in Fig-
ure 35, and maximum variation of results from all test areas combined is a
factor of approximately 2 (maximum stiffness divided by minimum stiffness).
54, Because the stiffness value can be used with the WES DSM evaluation
method to determine allowable load, that method was used to indicate the sig-
nificance of the range in stiffness values from the NDT devices. Allowable
gross aircraft loads were computed for three aircraft using the upper and
lower limits of the stiffness range. The following comparison was made for

only two of the test areas and three aircraft but gives a representative set

of results.
Range in Range in Increase from
Test Pavement  Stiffness, Allowable Lower Value,
Area Type kips/in. Aircraft Load, kips percent
3 Flexible 509-1.139 F-4 26-60 131
C-141 110-291 165
B-52 143-379 165
5 Rigid 1,924-3,200 F-4 52-60 15
C-111 2U49-345 39
B-52 231-385 67

55. The range of stiffness values is highly significant on the weaker
flexible pavement (Test Area 3) and not as significant on the rigid pavement
(Test Area 5). On pavements with high stiffness values, such as Test Areas 1,
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2, and U4, the range is not important since the low side of the range evaluates
the pavement at a high allowable load level.

56. The WES computer program BISDEF was used to calculate modulus
values for each of the five test areas using the deflection basins in Fig-
ures 25 through 29. Because most evaluation methods use a back-calculating
technique to obtain layer moduli, this comparison is of interest. The moduli
obtained using BISDEF and deflection data from all six devices are provided in
Table 10. The Dynaflect loading area was difficult to model in this program,

g
.

w5

15

and values presented for that device in Table 10 may be suspect.' Table 10 ;Eﬁ
does show that the back-calculated moduli can vary considerably as a function iﬁg
of the deflection basin. ' ' ii;
ol

+iN

Comparison of Predicted In Situ Moduli ﬁlz

K 1L ﬁﬁ

57. All evaluation methods characterized the pavement sections through ::
prediction of the moduli of the pavement layers and subgrade except the WES 3&
DSM procedure. Table 11 summarizes these predicted moduli. A graphical com- ;S
parison of the subgrade moduli for each of the five test areas is presented in %ﬁ
Figure 36. By some evaluation methods, the subgrade modulus for Test Area 1 !gi
was treated as a composite of the 6-in. subbase and the sand subgrade with a 2;i
gsingle modulus computed for the composite materials., This causes the appear- Eﬁ
ance of a large variation in predicted subgrade moduli of Area 1 until this is fﬁ
understood; i.e., that the subgrade modulus for Test Area 1 was not computed gfj
on the same basis by all methods. Brandley, ARE, and AFESC were the partici- E}
pants making the separation of a subbase and subgrade, and therefore computing 5?{
a modulus for each material, All others treated the materjal beneath the PCC :i3
slab in Test Area 1 as subgrade only and did not identify the subbas~ as a {#i
separate layer. The procedure of ERES gives only a subgrade modulus k for i;:
the subgrade beneath rigid pavements and, therefore, no elastic moduli for the 55?
subgrade by that method are available for Test Areas 1, 4, and 5. §¥;
58. An analysis of the elastic moduli of the subgrade predicted by all 3~;
methods for all five test areas gives the following (Area 1 includes data from iii
only Brandley, ARE, and AFESC): &z?
7~

!

e
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Subgrade Moduli, psi
Area Mean Standard Deviation Spread of Data
1 20,250 9,820 19,250
2 30,910 12,550 39,450
3 22,570 8,640 29,250
y 21,450 5,170 15,800 S
5 21,210 7,570 22,850 N
The mean value shows approximately the same subgrade moduli for all areas
except Test Area 2, but the spread of data indicates the significant range in
the individual values by each evaluation method. The spread of data is de-
fined as the maximum value less the minimum value.
59. With the exception of Test Area 1, the highest moduli of the sub-
grade were determined by PCS, and in all areas the lowest values came from the 35;
AFESC method. For Test Area 1, Brandley, ARE, and AFESC gave E values for ii?
both the subgrade and subbase, whereas the other evaluation methods combined :i:{
the subbase and subgrade; however, for Test Area 1 only the moduli from o0
Brandley, ARE, and AFESC were used for the above statistics. Ff;
60. Only ARE predicted modulus values for the subbase layers of Test E:?
Areas 2 and 3; the other participants determined a combined modulus of the iéﬁ
base and subbase. A presentation of the base course moduli is shown in Fig- o
ure 37. By all evaluation methods (except by Brandley where both areas have k’
the same value), the base course in Test Area 3 was rated with a lower modulus 33'
than the base course of Test Area 2. A significant range in the base course §§x
moduli occurs as shown. vy
Base Course Moduli, psi )
Area Mean Standard Deviation  Spread of Data X
2 74,700 47,950 148,000 o
' 3 42,280 25,620 75,000 .
E 61. Because the modulus of AC is temperature-dependent, values were ?f’
é selected from temperature-modulus relationships by most participants. How- %5{
f ever, a fairly wide range of values was used for the AC. The moduli for the ;q*'
AC surface from all test areas combined gave the following. ﬁvf
AC Moduli, psi NS
_Mean Standard Deviation Spread of Data ;é;}
410,000 217,000 852,000 ;'.;.{ ,
The value of 1,391,000 psi predicted by AFESC for Test Area 4 was not inecluded ol

in the above gtatistics. }
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62. For design and evaluation purposes, most evaluation methods provide
for a variable moduli of the AC layer (as well as the subgrade) to allow for
changing seasonal conditions throughout the design life. This appears to be
an important feature since the layered-elastic procedures use the limiting
stress/strain concept to predict number of aircraft passes, and the strain is
a function of the seasonal/environmental fluctuations in the layer moduli.

63. It is of interest to note in Table 11 the values of subgrade modu-
lus k were determined from some evaluation methods (Dynatest, ERES, Berger).
The k values range from 195 to 500 pei, which tends to confirm the value of
250 pei selected earlier in this report for the standard evaluation procedure.
As could be expected, the moduli determined for the PCC layers were more con-
sistent with most values being in the range of U x 106 to 5 x 106 psi. The
AFESC did predict a low value of 2.1 x 106 psi for Test Area 5.

64. 1In addition to the moduli values presented for the evaluation anal-
ysis, both Brandley and Berger offered additional comparisons. These values
are of interest because some moduli are computed with deflection basin data
from the same equipment using different analytical procedures; whereas, some
moduli are computed with the same analytical procedure using deflection mea-
surements from different NDT equipment. These results are shown in Table 12,
Similar comparisons can be made by looking at the two columns in Table 11
where WES made computations with the same analytical procedure using deflec-
tion data from two NDT devices.

Comparisons of Performance Criteria

65. Performance criteria are the link between pavement characterization
and evaluation in terms of predicted allowable loadings and remaining pavement
life, The evaluation methods demonstrated in this project use several ap-
proaches to performance criteria, Some methods such as PCS, Berger, and WES
DSM correlate the NDT-pavement characterization to conventional parameters of
CBR and k and then apply the standard relationships in terms of design
curves from existing Air Force manuals (or use computer codes using these
criteria), Other methods, such as Dynatest, ERES, ARE, and AFESC, use allow-
able stress/strain levels in the various pavement components to predict when
pavement tallure will occur. Another approach is the use of limiting levels

of subgrade deflection, such as Brandley. Table 13 summarizes the varlous
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performance criteria used in the evaluation method demonstated in this study.
These criteria differ considerably in format, and, therefore, a direct compar-
ison is difficult.

66. The existing pavement evaluation procedure used by the Air Force
uses test-pit measurements based on many years of performance data collected
on both inservice pavements and special test sections which were trafficked
to failure. This approach uses values of CBR and k to characterize the
strength of subgrade and of base and subbase layers. Moisture and density are
accounted for as well as other important material properties such as gradation
and plasticity. Failure of pavements in this system is characterized by
cracking and/or rutting. This method nas been validated through the years and
is considered as the standard (Headquarters, Departments of the Navy, Army,
and Air Force 1978; Headquarters, Departments of the Army and Air Force 1979).

67. Those evaluation methods using the standard Air Force evaluation
curves make use of this established performance criteria. However, the rela-
tionships used to predict the CBR and k values become the critical elements,
PCS used a direct correlation between predicted modulus and CBR or k . The
Berger and WES DSM methods also used correlations to the existing Air Force
procedure, but, by making correlations to ASWL as obtained from CBR or Kk ,
the methods are more indirect.

68. Other methods, such as Dynatest, ERES, ARE, and AFESC, have limit-
ing criteria placed on critical elements of the pavement structure such as the
AC, PCC, and subgrade. PCS states that they have a similar evaluation method,
but it was not demonstrated for this project. Brandley bases the link to the
performance on subgrade deflection eriteria, Although the subgrade deflection
criteria are presented in graphical form by Brandley, the curves have been
converted to an equation that approximates the curves for inclusion in
Table 13.

Compariscon of Allowable Load Predictions

69. The project requirements called for evaluation of the five test
areas in terms of AGAL's for each of the 13 aircraft groups, each at four
pags-intensity levels, Each aircraft group has a controlling aircraft (the
most critical aircraft for the group), wud the evaluations arc actually made

for these controlling aireraft. These controlling aircraft for each group and

31

r 7T v . m
"‘r‘.{"v"

hd

r s
o

AR
Ry 7’ 4 4

(AN
~Ta_
» I




pass-intensity level are presented in Table 5. The aircraft characteristics
including maximum design loads and empty loads are shown in Table 6.

70. The AGAL's for the 13 aircraft groups were computed using the stan-
dard Air Force method based on test-pit measurements. The test-pit data used
for the standard evaluation have been previously discussed. The rigid pave-
ment AGAL's were determined using extended traffic (shattered slab) criteria
as set forth in TM 5-827-1 (Headquarters, Departments of the Army and Air
Force 1981) and TM 5-827-3 (Headquarters, Department of the Army 1982). The
flexible pavement AGAL's were determined as set forth in TM 5-827-2 (Head-
quarters, Departments of the Army and Air Force 1981). The AGAL's based on
the standard are shown in Table 14, Overlay thicknesses, which are discussed
later, are also shown in Table 14, Pavement properties used for evaluation
are also shown in this table, Test Areas 1 and 2 rate as adequate to support
the maximum design loads for all 13 aircraft groups at all pass intensity
levels. (Note that + indicates the allowable load is greater than maximum
weight of the aircraft.) Test Areas 3 and 4 rate adequate for the maximum
load at pass intensity levels III and IV, Test Area 5 has the lowest load
rating of all the five areas, but it too has a fairly high load rating.

71. Allowable loads and overlays were also computed for Test Areas 1
and 5 using test-pit data reported in the 1980 AFESC Evaluation Report (AFESC
1980). These results are shown in Table 15. Test Area 4 was evaluated as an
equivalent flexible pavement in Table 14, and therefore the discrepancy
between 1980 AFESC test-pit data and the values selected for use in Table 14
would not change the results for Test Area 4. The allowable loads and
overlays in Table 15 can be compared with those in Table 14. No significant
change occurs for Test Area 1; however, a significant difference results for
Test Area 5,

72. Each participant was furnished a copy of pages 5-16, 21-22, and
24-51 of the 1960 AFESC Pavement Evaluation Report (AFESC 1980). These pages
contain the data summarized in the first column of Table 3.

73. The allowable load results from each NDT evaluation method are com-
pared to the standard rating, 2s shown in Table 16. The comparisons are made
only for three aircraft, the F-4, C-141, and B-52, which represent light-,
medium-, and heavy-load aircraft, respectively. Because the allowable loads
represented by + mean that the rating eixceeds the maximum design load (see

Table 6 for maximum values), a comparison of these ratings could be
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misleading. This is because, in this case, the amount that the predicted load )
rating exceeds the maximum design load is not known. Obviously, most of the 5%-
test area pavements were more than adequate for all aireraft. This fact makes ¢
the comparisons difficult.
T4. Figures 38 through 43 graphically display the allowable load compari-

sons. Figures 38, 39, and U0 are for Test Area 3; whereas, Figures U1, 42,
and 43 show results for Test Area 5. The three aireraft, F-4, C-141, and B-
52, are shown for pass intensity level I. Test Areas 3 and 5 were selected

- for these comparisons because the allowable loads from the NDT evaluation
methods for these areas are not all at the maximum design loads. Similar com- t-
parisons for the other three test areas are not possible because the allowable

loads are at the maximum.

75. Figures 38, 39, and 40 show that all NDT evaluation methods predicted
the allowable loads for Test Area 3 to be generally lower than the standard
load rating. The pattern, however, varies with the different aircraft, and

Farag o e

this may indicate some difference in the way the evaluation methods consider :
multiple-wheel gear configurations. The evaluation methods agree better with by

: the standard load rating for the rigid pavement of Test Area 5 (Figures 41, L

‘ 42, and 43). The distribution is very similar for the F-4 and C-141 but =
F somewhat different for the B-52.

76. The fatigue relationships inherent in all the evaluation methods adjust

the allowable loads as a function of number of passes (load repetitions), Zi.
Figures Ul and 45 show the relationship of allowable load to passes for X
flexible (Test Area 3) and rigid (Test Area 5) pavements, respectively.

Comparison of Overlay Thickness

TWVAOARANIEY

77. Overlay thickness computations were made using the standard Air Force
procedure and each of the NDT evaluation methods. The overlays were computed l
for two design load conditions--1,000 passes of KC-10A (DC-10-30) aircraft, E'
and 10,000 passes of an E-4 (B-T47) aircraft. Table 17 shows the predicted "
overlay thicknesses from the standard procedure (minimum overlay criteria has
not been included) and from the various NDT evaluation methods. The AFESC NDT
procedure does not presently produce overlay thicknesses, so it is absent from
the table, Some evaluation methods precented only AC overlays; whereas,

others gave both AC and PCC options.




78. By the standard procedure, overlay thickesses were only required for
Test Area 5 because all other test areas evaluated as adequate to support the
design aircraft. The overlay calculations (for Test Area 5 which is PCC
pavement) were performed as set forth in TM 5-824-3/AFM 88-6 (Headquarters,
Departments of the Army and Air Force 1979). All overlay designs are based on
initial failure criteria. Thickness of nonrigid (AC) overlay on a rigid pave-

ment, t is determined by

ac !

tae = 2.5 [F(hy) - Ch]

where

F = factor that projects the cracking that may be expected to
oceur in the base pavement

hyq = required single slab thickness, in.
C = condition factor (0.5 to 1.0)
hh = existing rigid slab thickness, in.

Rigid overlays to be placed directly on the existing rigid base pavement were
designed using the partial bond equation
1.4 1.4
ho = 1.4 hd - Ch
and for the base where the rigid slab is to be placed on a flexible leveling
course or bond breaker the unbonded equation was used.

- 2
ho = hd - Ch
where
hq = required single slab thickness, in.
C = condition factor (0.35 to 1.0)
h = existing rigid slab thickness, in,

For the overlay designs for Test Area 5, the condition factor C in the above
equations was taken as 1.0 because of the excellent condition of the existing
pavement. The F factor was also 1.0,

79. Most NDT evaluation methods showed little, if any, overlay needed for

Test Areas 1 and 2, The methods indicated some overlay for Test Area 3. AC

overlays predicted for Test Areas 4 and 5 ranged considerably. Statistics
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from all evaluation methods indicate the following.

AC Overlays, in.

% 4% 470 R, A7a Y, AN AA A LA TAF A

gy

AL A 2

Standard

Air Force

Test Design Standard Spread Test-Pit

Area Aircraft Mean Deviation of Data Method, in.

1 KC10A 0 0 0 0
EL 0.30 0.90 0-2.7 0
2 KC104 0.20 0.60 0-1.8 0
E4 0.41 1.23 0-3.7 0
3 KC10A 5.94 9.62 0-31.1 0
_ E4 8.7 8.U45 0-26.1 0
y KC104A 2.74 3.27 0-8 0
EY 4.05 5.98 0-17 0

5 KC10A 4,58 6.39 0-18.9 1.8

E4 §.40 8.67 0-21.0 4.5

80. This same type of information cannot be presented for PCC overlays,
because not all evaluation methods give PCC overlays; not enough information

is available for the statistical computations.
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PART IV: CONCLUSIONS

81. As earlier stated, the main purpose of the study reported herein

was to assess several NDT evaluation methods and to provide the Air Force with
information to make sound decisions for the possible uses and benefits of NDT.

The results of this study led to the following conclusions:

~a. The study did not set out to identify any best method for NODT,
and no best method for general application at all airfields was
identified as a result of the data collected and comparisons
made, '

1o

It appears that the site selected (MacDill AFB) proved to be a
poor choice for the following reasons: (1) unusual subgrade
(sand) and base course (limerock) materials are nontypical;

(2) the pavements were strong enough so that most evaluated as
being adequate for all loading conditions using the current
standard method which reduced one's ability to compare the re-
sults of evaluation techniques (Headquarters, Department of the
Air Force 1981); and (3) the baseline test-pit data were not
collected concurrently with the NDT results (test-pit data were
2 years old), and some test-pit data are suspected of being in
error,

Based on use of the NDT evaluation method at MacDill, wide
variation occurs in terms of allowable loads among the results
and substantial disagreement of some methods with the standard
test-pit method (Figures 38 through 43). Some NDT methods pre-
dicted overlay thicknesses that were in agreement with the
overlay thickness predicted by the test-pit standard; others
did not agree (Table 17). Some methods agreed well on sone
pavement test areas, but did not agree on other test areas. 1In
general, the various NDT evaluation methods produced inconsis-
tent results for the pavement areas evaluated. However, in .
almost all cases, the NDT methods gave results more conserva- o
tive (i.e., smaller allowable load and thicker overlay) than L,_;
those from the test-pit standard method. Overlay thicknesses 7
from some methods generally agreed with the standard. Because g

of the unusual base course and subgrade conditions, the rela-

tive ranking of the various methods in terms of overlay thick- .
ness prediction should not be generalized to other airfields.
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d. Significant differences were noted in measurements made by the F
various NDT devices, and no one device can be said to give the 9}
best results on the pavement test areas studied. Deflection LY
basin data from the various NDT devices were compared (Fig- n
ures 25 through 29). The devices with higher load magnitudes, ;
i.e., WES 16-kip vibrator, PCS FWD, and Dynatest FWD, produced
larger deflections and steeper deflection basins than did the
smaller ARE Dynaflect and Berger Pavement Profiler devices. ‘
Input of deflection basin data from each device into a common N g
layered-elastic theory analysis gave inconsistent and variable

elastic moduli using the back-calculating technique (Table 10). b{-
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Stiffness values (maximum load divided by maximum deflection)
from each device on each test area were compared. The overall
range of stiffness values was a factor of approximately two
Wwith no consistent trends of high or low mean value from any
device common to all or nearly all of the five test areas., The
Berger Pavement Profiler consistently gave the highest coef-
ficient of variation in terms of stiffuness value,

All evaluation methods, except the WES DSM method, determine
elastic moduli for the pavement layers and subgrade. Consider-
able variation in these moduli occurred from one technique to
another (Figures 36 and 37).

The performance criteria, which translates the NDT measurements
to evaluated load-carrying capacity and overlay requirements,
Wwere quite different for the various NDT evaluation methods
{Table 13). The performance criteria were given in terms of
limiting stress or strain for pavement components, limiting
subgrade deflection, and correlations to existing Air Force
criteria and are functions of pass intensity level. No direct
comparisons could be made of the pe: formance criteria from
different methods because of fundamental differences in the
nature of the criteria. A comparison of predicted allowable
loads at different pass intensities indicated that the rate of
change in allowable load with pass intensity was significantly
different by some methods (Figures 44 and 45), Because the
performance criteria are the only parts of the methods which
are functions of pass intensity, a conclusion is drawn that the
performance criteria used in some of the methods are more
sensitive to the number of passes than others for the
conditions at MacDill AFB.

Most of the NDT procedures provide for testing of the load
transfer capacity at joints in PCC pavement. This was typi-
cally done by applying a load on one slab near the joint, and
measuring the deflection of each slab at the joint. Not all
methods used the load transfer measurements in the allowable
load and overlay computations. The standard Air Force evalua-
tion method for PCC pavement assumes an average load transfer
of 25 percent at the jeints, which may not be true for all
pavement conditions. This may account for some of the varia-
tion in results, particularly for Test Area 5.

Use of the NDT procedures .o evaluate the load transfer capac-
ity of joints in PCC pavements appears to be a viable approach
and is an important asr-ct of any structural evaluation., Fur-
ther work needs to be wevoted to development of this concept to
validate the various methods demonstrated in this project, Cor




a.

o

PART V: RBECOMMENDATIONS

82. The following recommendations are made:

The study reported herein should be repeated at other sites to
produce more coneclusive results, These sites should cover more
typical pavements over fine-grained soils (clays and silts),
test-pit data should be collected concurrently with the NDT
data, and the pavements should be of such design that a range
of allowable loads and overlay thicknesses would be anticipated
so that a better comparison of results could be made. What is
needed is a set of test areas where the standard method pre-

dicts some areas are in dange. of incipient failure under com-

mon airecraft loads and other areas are not. At MacDill, this
was not the case.

A standard NDT evaluation method is apparently needed. The
standard could be a general procedure (based on an appropriate
analytical theory); the performance criteria must be compatible
with the system and based on known performance of airfield
pavements and the method should be validated. Such a standard
could bhe used to assess the validity of new or more simplified
methods. Further study should be made of performance eriteria,
such as limiting stress, strain, and deflection, and criteria
should be selected for use with the standard NDT evaluation
method.

Further work with NDT equipment is needed to determine limita-
tions (if any) of different NDT devices. A desirable goal is a
standard analysis method that would accept input from any one
of seveial different test devices. A sensitivity study could
be made using the standard NDT evaluation method with input
from various NDT devices to identify limitations.
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Table 1
NDT Method Presented to Transportation Research Board
Task Force AZI56, August 11-14, 1981

0'Massey, R. C. and McReynolds, M. (McDonnell Douglas), '"Dynamic Pavement
Modeling ~ Preliminary Studies"

Ilves, G. J. and Majidzadeh, K. (Resource International), ''Nondestructive
Evaluation of Airfield Pavements" :

7'Thompson, M. R. (University of Illinois), "I1li-Pave Procedure for Determining
In-Situ Properties from NDT Deflection Data'

Bush, A. J. (U. 8. Army Corps of Engineers), '"Pavement Evaluation Using
Deflection Basin Measurements to Characterize an Elastic Layer System'

N Witczak, M. W. (University of Maryland), "Use of NDT Deflection Data to Esti- S
\ mate In Situ Material Moduli" ;;
s Shahin, M. Y., Sharma, J., Smith, M. E. and Stubstad, R. N. (Dynatest - ERES) s
{ "Nondestructive Testing of Airfield Pavements" ;
0 By
j Visser, W,, and Koole, R. C. (Pavement Consul.-ency Services/Shell), "Evalua- %
K tion of Aircraft Pavements" ;1
o WA
Harr, M. E. and Elton, D. J. (Purdue), "Non Contact - Non Destructive Evalua- ?
tion Using Prototype Loads' R,
} i
Hall, J. W. (WES), "Nondestructive Evaluation of Airfield Pavements - DSM :‘,:
Method" ":;
K
Walker, F. K. (Greiner Engineering Sciences), "Evaluation of Flexible Airfield f;
Pavement Using the Corps of Engineers WES 16 Kip Vibratory Loading Device" e,
“w
Marien, H. R, and Baird, G. T. (U. S. Air Force), "US Air Force Nondestructive :i
Airfield Pavement Evaluation Method" ¥
Irwin, L. H., and Johnson, T. C. (CRREL), "Frost-Affected Resilient Moduli ;J-
Evaluated with the Aid of Nondestructively Measured Pavement. Surface )
Deflections” o
F.‘
Argue, G, H. (Transport Canada - Air), "Strength Evaluation of Airport Pave- é
ments by Static Plate Load Testing' >
o McCullough, B. F. (ARE, Inc.), "Position Paper on ARE, Inc. Airport Design g
:.* Mot hod" <1
0 3
v Wiseman, G. and Berger, L. (L. Berger International), "Evaluation of Airfield -]
o Pavenments and Subgrades Based on Deflection Basin Measurements (NDT)" j'
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Table 2

Construction History F
Approximate ’ ' o r.
Construction f[
Area Description Period _ Remarks i
1 Taxiway 33 1959 COE Project AP 86-04-16 y
2 Taxiway 3B 1943 Original construction by COE
' : 1956 18~ft-keel overlay, MacDi1ll Project
22-57 S
1963 ‘MacD111 Project 5-62, overlay "
1971 MacDill Project 62-0, overlay
-3 Taxiway 3 - 1943 Original construction by COE 'é}_
1956 MacDill Project 22-57, 18-ft-keel bty
overlay gt
1969 MacDill Project 8-5, overlay Al
;"f .
|",¢
4 Apron 1A-1 1941 Original construction by COR b
1952 COE Project 85-04-04, overlay v A
1966 Slurry seal, MacDill Project 7-5 v
1968 Seal coat, MacDill Project 214-8 ¢
- 4
5 Apron 1A 1941 Original construction by COE ; '
1952 COE Project 06-06-02 55
1975 MacDill Project 90-3, remove existing .
pavement and replace i:
‘o
v
-
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Table 4

Thirteen Aircraft Groups

Aircrafc
Group 7 Aircraft
1 c-123
2 A-7, A-10, A-37, ¥-4, F-5, F-14, F-15, F-16, F-100,
F-101, F-102, ¥-105, F-106, T-33, T-37, T-38, T-39,
0V-10 ' ' '
3  F-111, FB-111
4 C-130
5 c-7, C-9, DC-9, C-54, C-131, C-140, T-29
6 737, T-4s, C-119, EC-121 ;.
by
7 727, KC-97 B,
8 707, E-3, C-135, KC-135, VC-137 n
>
9 C-141 A
<3
. v
10 (C=-5A :H
11 KC-10A, DC-10, L-101l A
12 747, E~4 3:§
]3 B"SZ ;\.*
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Table 5
Pass Levels for Pavement Evaluation
: Number of Passes for
Aircraft Controlling Four Pass Intensities ]
_Group Alrcraft I _IT 111 IV
1 Cc-123 300,900 50,000 15,000 3,000
2 F-4 300,000 50,000 15,000 3,000
3 F-111 300,000 50,000 15,000 3,000
4 C-130 50,000 15,000 3,000 500
5 ' c=9 : 50,000 © 715,000 © 3,000 500
6 T-43 50,000 15,000 3,000 500
(B-737)
7 B-727 50,000 15,000 3,000 500
8 KC-135 50,000 15,000 3,000 500
9 C-141 50,060 15,000 3,000 500
10 C-5A 50,000 15,000 3,000 500
11 KC-10A 15,000 3,000 500 100
12 E-4 15,000 3,000 500 100

13 B-52 15,000 3,000 500 100




b Table 6
; Adircraft Characteristics for Pavement Evaluation
Tire )
-3 Air- Control- Tire Contact Tire Main Gear Group Load Range*
N craft ling Spacing  Area Pressure Load Minimum Maximum
Group  Aircraft in. s5q in. _psi percent kips __kips 3

=
>
|
]
ﬁ?
. ; &.

C-123 270 100 84.3 35 60

2 F-4 - 100 —_— 87.7 5 60

>

. o : '
y) 3 F-111 -- 241 - 95.0 50 120 2
- Yo

4 C-130 60 400 -- 95.7 60 175 b

26 165 93.6 20 110

ol o -
w
@]
I
(Y]
I
{
o, ;t..n“{n_
* S é !.

<y

6 T-43 30.5 174 - 92.8 40 150

7 B-727 34 237 ~— 92.4 85 175 g
X 8 KC-135/ 34.5 218 - 93.5 105 335 2;5!
§ E-3 x 56 3
: 9 c-141 32.5 105 -— 94,4 135 345
x 48
. 10 C-5A 35 x %65 - 94.2 325 770
: 53 x
65
11 KC-10A 54 x 294 - 92,2 230 590
; (bC 10-30) 64
» 12 E-4 4h x 245 — 93.5 300 780 ,
i (B=747) 58 :
' 13 B-52 37 x 267 — 52.0 175 490 ro
& 62 ..
E * Group Load Range is the minimum (empty) and maximum (loaded) aircraft 2§
2 weights used for evaluation. e
o~
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Table 7
Characteristics of Nondestructive Testing Equipment
Berger
Pave- ARE
WES Dynatest ment Dyna- AF NDPT
16-kip WES FWD FWD PCS FWD Profiler flect Van
Type of load Vibra- Impulse Impulse Impulse Vibra- Vibra-  Impulse
applied tory tory tory
Type deflection Peak- Peak Peak Peak Peak- Peak- #
output Peak Peak Peak :
Contact area, 254 110 110 110 254 8.6 113
sq in.
Maximum dynamic/ 30,000 15,000 24,000 22,400 4,500 1,000 520-1b
impulse force weight
{peak-to-peak), dropped
1b 30 in.
Statie weight, 1b 16,000 -- - -- 3,800 2,000 --
Test frequency, 15 -- - -- 25 8 -
Hz
Loading time, -- 25-30 25-~30 -- -- -- -
msec '
Number of 4 3 7 4 4 5 i
displacement .
s
sensors o
Location of A
displacement -
sensors, dis- !
tance from ;
center of
loaded area,
in.: 0 + + + + + +
8 +
12 + + + +
18 +
24 + + + + +
36 + + +¥ +# +
39 +
48 + + +
60 + +* 44
71 o
79 +
96 +He i
el
e
oL
RS
I.‘-n‘.\ .‘
Note: # = Accelerometers spaced at 1, 2, 4, 8, and 16 ft from plate to measure wave Rl
velocity. £ -
## = Measures phase difference between transducers. ,.;,:.._!
®* = Flexible pavements only. NN
#% - Rigid pavements only. RO
+ = Locations of sensors. NG
e
’l'*"‘g
:::-‘4-
St
.:\.-_..-



Table 8

Summary of NDT Evaluation Methods

Method Data Analysis Type Theory Performance Criteria

PC3 Back-calculate modulus lLayered-elastic Correlation of E to Cali-
of pavement layers (BISAR) fornia Bearing Ratio and
from deflection basin k , then use AF design

curves

Dynatest Fack~calculate moduli Layered-elastic Normal stress in unbound
of pavement layers (ELMOD) (MET) materials, horizontal
from deflection basin strain bottom of AC,

- fatigue based on flex-
ural strength of PCC

ERES Back-calculate moduli Finite element For rigid pavement--
of pavement layers (ILLISLAB) for relationship of aireraft
from deflection basin rigid pavement; coverages to computed
(subgrade k modulus layered-elastic stress in concrete; for
determined for sub- for flexible flexible pavement--radial
grade under PCC) pavement strain in AC and vertical

strain in subgrade; fa-
tigue of base layer

Brandley Back-calculate moduli Layered-elastic Limiting subgrade deflection
of pavement layers (ELMOD) (1SSEMU)
from deflection basin (CHEVRON)

Berger Back-calculate moduli Layered-elastic Correlation of stiffness to
of pavement layers {CRANLAY) exlsting AF design ecriteria
from deflection basin {GWLB-100)
and correlation anal- (COMRIGID)
ysis to allowable (COMPLAYER)
load and overlay

ARE Back-calculated moduli Layered-elastiec Limiting stress in PCC;
of pavement layers (AIRPOD) limiting strain in AC
from deflection basin (ELSYM-5)

(BASFIT)

AFESC Elastic moduli of pave- Finite element Limiting tensile strain in
ment layers from wave (PREDICT) AC; limiting stress in PCC;
velocity dispersion limiting vertical strain in
curves subgrade

WES DSM DSM of composite Correlation rela- Correlation of DSM to exist-
pavement from load- tionships and ing Corps of Engineers/AF
deflection data; analysis of design criteria
radius of relative computer
stiffness, & , from (FLEXEVAL)
deflection basin {RIGEVAL)

WES Back-calculate modull Layered-elastic Limiting strain in subgrade

layered- of pavement layers {BISDEF) and AC for flexible pave-
elastic from deflection basin (AIRPAV) ment; limiting tensile

stress in PCC for rigid
pavement
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Comparison c¢f Stiffress Measuremeats

Table 9

s - o . LA
O N I
T A

Average Coefficient
Nondestructive Number Stiffness Standard of
Testirg Device of Test kips/in, Deviation Variation
Test &rea 1
WES 16-kip vibrator 28 6,053 617 10.2
WES FWD 28 7,689 665 8.6
Dynatest FWD 14 8,575 582 6.8
PCS FWD 28 9,367 512 5.5
" Berger Pavement
Profiler 8 10,249 1,260 12.3
ARE Dynaflect 14 6,366 627 9.85
Average for Test
Area - 8,050 - -
Test Area 2
WES 16-kip vibrator 30 1,762 212 12.0 ]
WES FWD 30 1,481 167 11.3 e
Dynatest FWD 16 1,304 225 17.2 o
PCS FWD 18 1,719 205 11.9 Y
Berger Pavement N
Profiler 16 2,348 337 4.4 “ -
ARE Dynaflect 15 2,453 240 9.8 oo
Average for Test :}}ﬁ
Area - 1,845 -- -- tj$§
Test Area 3 t;&ﬂ
[ S
WES 16-kip vibrator 22 865 102 11.7 Efi
WES FWD 21 509 L9 9.6 FeA
Dynatest FDd 22 499 55 11.1 R
PCS FWD 26 676 66 9.3 D,
Berger Pavement Ry
Profiler 22 808 126 15.6 " -
ARE Dynaflect 22 1,189 155 13.0 L
Average for Test O
Area -- -- -~ -- e
Test Area 4 o
WES 16-kip vibrator 12 2,233 287 12.8 .
WES FWD 12 2,125 305 .4 e
Dynatest FWD 12 2,230 400 18.0 RS
PCS FWD 20 2,362 540 22.8 ol
Berger Pavement p:;.
Profiler 10 2,933 686 23.4 e
ARE Dynaf'lect 25 2,274 419 18.4 TR
Average for Test ﬁfh:
Area - 2,360 - - ?fb
(Continued) ;ff}
Kol
8
e

N - I T T T '."'."."‘."r'
-,“:?w‘:?;? f}? .:‘r'; ,N¥;,',_,_i{,_{ Lers




Table 9 (Concluded) St
Average Coefficient
Nondestructi. . Number Stiffness Standard of
Testing Device of Test kips/in. Deviation Variation
Test Area 5
WES 16-kip vibrator 35 2,588 186 7.2
WES FWD 34 2,762 188 5.8
Dynatest FWD 25 2,554 297 1.6
PCS FWD 28 3,200 285 8.9
Berger Pavement , ,
Profiler 22 2,896 316 10.9 A
ARE Dynaflect 14 1,924 181 9.4 £
Average for Test o
Area -- 2,654 - -- i
| » ‘\ v
é _Variation, All Areas ol
N WES 16-kip vibrator 10.8 ;
WES FWD 10,1 -
I Dynatest FWD 12.9 R
¥ PCS FWD 1.7 3
5 Berger Pavement NS
- Profiler 15.3 -
i ARE Dynaflect 121 v
-~

. g
LRI,
al
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Table 10 aﬁ

Moduli Predicted from Deflection Basins iy

from Different NDT Equipment i

i

Elastic Modulua, psi _ o ' ol

~20-1n, ~ Subgrade o

NDT Device ___pcc Sand hi
Teat Area 1 s

WES 16-kip vibrator 3,440,538 46,244 Ry
WES FWD 6,928,316 35,639 o
- Dynatest FWD 9,117,088 31,499 e
PCS FWD 9,452,344 35,080 [,
Berger Pavement e
Profiler 6,111,868 59,205 - )
ARE Dynaflect 11,530,20 10,367 vl
::::

LN

10-1n, 15«in, Limerock- Subgrade o0

_AC Stabjlized Base _Sand__ b

Tesy Aren 2 o

WES 16-kip vibrator 660,279 59,740 37,209 ﬁ%
WES FWD 572,027 30,116 37,438 e
Dynatest FWD 538,205 36,649 29,799 o
PCS PUD 559,951 65,795 31,818 g
Borger Pavemont i
Profiler 452,499 90,633 50,928 b
ARE Dynaflect 154,052 403,405 22,579 b
5,5-1n, 15-1n. Limorock- Subgrade g

_AC Stabilized Hasc_ _Sand o

Test Area 3 e

WES 16-kip vibrator 691,229 10,926 26,753 "
WES FWD 185, 24l 16,2u1 31,738 -
Dynatest FWb 185,952 20,682 20,375 g;;
Prs FWD 332,768 18,244 27,155 1.
Berger Pavement rz
Profi)er 531,513 35,074 24,344 w
AT

AKE Dynafiecot 652,175 40,381 23,872 L
s

l:‘_p:

“:{I

Ao

(Cont inued) TR

%

A

o

7




Table 10.

(Concluded)

NDT Device

Elastic Modulus, psi

WES 16-kip vibrator

WES FWD

Dynatest FWD

PCS FWD

Berger Pavement
Profiler

ARE Dynaflect

WES 16-kip vibrator

WES FWD

Dynatest FWD

PCS FWD

Berger Favement,
Profiler

ARE Dynaflect

7-1in, 6-in, Limerock- Subgrade
AC Stabilized Base Sand
Test Area 4
1,440,817 3,227,078 25,157
1,982,382 2,047,265 23,242
1,903,426 1,841,818 22,108
2,334,218 1,387,285 17,160
6,878,414 248,228 7 23,376
12,030,469 716,935 10,687
10.5-1n. Subgrade
___AC Sand
Test Area §
3,119,032 26,580
3,756,947 23,448
4,040,810 19,496
6,816,501 22,938
3,652,117 24,131
3,562,470 11,292

58 L A
e o

)

e et
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Table 16

Comparisons of Allowable Load

Allowable Gross Aircraft Load, kips

Procedure

Standard evaluation
from test-pit data

Dynatest?®

ERES**

PCS$

Brandleytt
" Berger

ARE

AFESC

WES (DSM)

WES (layered-
elastie, 16-kip)

Wes (layered-
elastic, FWD data)

Standard evaluation
from test-pit data

Dynatest®
ERES*®
PCSt
Brandleytt
Berger

ARE

AFESC

WES (DSM)

WES {layered-
elastic, 16~
kip

WES (layered-
elastic FwD data)

Pass Intensity

Level 1 Level II Level III Level IV
Fi  Ci41 BS2 F4 C141 BS2 F4 C141 B52 E4 Clyr BS2
Test Area 1
60+ 345+ U490+ + + + + o+ + + o+ +
60+ 345+ U490+ + + + + o+ +* + o+ +
60+ 3U45+ 292 + + - . - + + +
60+ 345+ U480+ + + + + o+ + + o+ +
60 345 Ug90 60 345 490 60 345 490 €0 345 490
60+ 3U5+ UOO+ + + + + o+ + + o+ +
62 317 488 62 317 U488 62 317 488 62 317 488
60« 345+ 460 + + 490+ r o+ + + o+ +
60+ 3US+ 490+ + * - + o+ + + o+ +
60+ 345+ 490+ + + + + o+ + .+ -
60+ 345+ U490« + + + * + + + +
Test frea 2
60+ 3US+ 490+ + + +* + + + + o+ -
60+ 345+ U490« +* + + + + + + o+ +
60+ 3U45+ U490+ + + + + + + + o+ +
45 225 240 55 250 290 60+ 300 380 + 345+ 48O+
60 179 353 60 272 490 60 345 49n 60 3U5 N90
60+ 345+ UQ0+ + + + + o+ + + o+ +
62 317 488 62 317 488 62 317 488 62 317 u8s8
60+ 345+ 300 + + 3N - 490 - o+ +
60+ 3U5+ U490+ + * + * + + + + +
60+ 345+ 490+ + + + + + + + + *
60+ 345+ Uss + + U490+ + + + 4 -
(Continued)

Note:

Plus (+) sign denotes aljowable gross load greater than

craft; A denotes allowable gross load less than minimum {baslre) grosy weight of

alrcraft,

® Eighty percent of test points,

"
pavement.,

+ Initlal crack for PCC pavement,
tt Allowable load presented aus percent of gross in report,,
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(Sheet, 1 of 3)

maximum gross welght of alr-

Fifty percent slab cracking for PCC pavement, 0.5-{nch rutting for Aaphalt Concrote
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Table 16 {(Continied) winy
S
Pass Intensity o
Level I Level II Level III Level IV -+
Procedurs Fu4  C141 B2 F4 Cil1 B52 F4 Ci41 BS2 F4 _Cl41 BS2 .
Test Area 3 A
Standard evaluation %
from test-pit data 60+ 345+ 415 + + 451 + o+ 450+ + - + o
Dynatest® %5 A 217 28 A au 30 137 272 3% 154 303 -
ERES** 55 195 490+ 60+ 248 + + 35 + + 345+ o+
PCSt A A A A A A A A A A A A
Brandleytt 50 128 225 60 190 392 60 331 4990 60 345 490
Berger 58 212 255 60+ 230 245 + 280 305 + 345+ Los
ARE 7 51 65 10 64 72 i1 158 135 12 317 488
AFESC 27 200 A 48 295 200 60+ 345+ 261 604+ + 320
WES (DSM) 59 237 298 60+ 261 347 + 321 433 + 345+ 490+
WES (layered-
elastic, 16-kip) 48 223 225 52 237 2ub 55 257 271 55 281 296
WES (layered-
elastic data) 32 178 213 43 222 248 52 263 273 60+ 287 298
Test Area U
Standard evaluation
from test-plt data 60+ 345+ 346 + + 400 + 490+ + + -
Dynatest* 60+ 275 490+ + 295 + + 321 + + 3b5+ 4
ERES*® 30 165 <175 36 188 <175 42 216 210 54 318 282
PCSt 60+ 3U5+ 480+ + + + + + + + + +
Brandleytt 43 100 196 60 148 343 60 262 490 60 345 490
Berger 52 21 190 60+ 272 215 + 295 230 + 325 250
ARE 41 2uy 350 54 278 428 62 317 488 62 317 488
AFESC 60+« 3U5+ ys7 + + 490+ + + + + + +
WES (layered-
elastic, 16-kip) 60+ 295 305 + 316 336 + 345+ 376 + + 415
WES (layered-
elastic,
Fwir data) 60+ 285 292 + 306 324 + 337 363 + 345+ 4o2
(Continued)

* Eighty percent of test polnts.
%% Fifty percent 3slab crari-ing for PCC pavement, 0.5-inch rutting for Asphalt Concrete
pavement .
t Inmittiai crack for PCC pavement,
++ Allowable load presented as percent of gross in report.
(Sheet 2 of 3)
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Table 16 {(Concluded)

Pass Intensity

Level 1 Level 1I Level II1I Leve) 1V
Procedure FO_ Ci41 B52 Fi_ Cc141 B52_ Fi~ C141 BS2 Fi Cii'' B52_
Test Area 5
Standard evaluation
from test-pit data 57 263 198 60+ 280 216 + 298 213 + 321 252
Dynatest® 32 A 401 36 A 437 39 39 u177 k2 152 U490+
ERES*% 30 177 <175 37 200 <175 b2 250 187 54 »>3U5 265
PCSYt 4o 210 195 50 235 220 §5 260 auo 60 290 270
Brandleytt 41 86 181 60 135 7308 60 23 490 60 345 U90
Berger 52 2u 190 60+ 273 215 + 295 230 + 325 250
ARE 51 21 385 62 317 467 62 317 488 62 317 A€
AFESC 28 267 184 31 288 202 34 318 223 37 345+ 241 = ]
WES (DSM) 60+ 3U5+ 315 « 4+ 3ue + o+ 386 .+ 430 oE
WES (layered- '.1,"-.‘
elastic, 16 kip) 60+ 2u5 217 + 269 2u3 + 309 295 + 345 357 o
WES (layered- »
elastie, oy -
FWD data) 60+ 215 150 . 235 217 . 270 259 + 325 313 b
Le
f:-._
poy
]
‘ol
~r
r"::'
‘».’ v
N
L/
L
o
s
).
g
e
"
t Initial crack for FCC paveinent. bl
tt Allowable load presented as percent of gross in report. o
(Sheet 3 of 3) 'd
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@ TEST AREA 5

I_L\ @ TEST AREA 4

<

TEST AREA 3

~
7

b

=

TEST AREA 2

TEST AREA 1

Figure 1. Airfield layout at MacDill AFB showing
location of test area
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Test-pit data for each test area as presented by AFESC
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1. The purpose of this appendix is to provide a general description of
the evaluation method used by each participant in the project. This informa-
tion is needed to understand the different approaches to nondestructive test-
ing (NDT) pavement evaluation and to explain some of the differences in final
results as presented in the main text of this report. These descriptions were

extracted from information presented in the reports from each participant.

Pavement Consultancy Services, Ine. (PCS)

2. The basic approach of PCS is based upon the use of the 3Shell BISAR

present, To use these results within current military design approaches, cor-
relations relating moduli either to the modulus of subgrade reaction value
(Westergaard "k") or to layer California Bearing Ratio (CBR) are necessary.
The use of the current US Air Force Load Evaluation Procedure was selected by
PCS to illustrate the complete system applicability of NDT testing snd subse-
quent interpretation within current military conventional design methods
(Headquarters, Department of the Air Force 1981.%)

3. PCS uses NDT measurements performed with a heavy falling weight
deflectometer (FWD) at a force level of 100 kN (22.U4 kips). A mass falls on a
baseplate that is connected to a 12-in.~diam rigid foot plate by mecis of a
set of springs, thus exerting a pulse load onto the pavement surface. The
duration of the pulse load is comparable to the duration of the pulse load
exerted by actual traffic. The force level can be changed by adjusting the
drop height. The deflection of the pavement is measured by four velocity
transducers (geophones): one in the center of the foot plate (60) and at
three other radial distances-- r1(61) y r2(62) , and r3(63) . At MacDill
Air Force Base (AFB), the radial distances were 0, 60, 100, and 200 cm. The
deflection signals are obtained by a single integration of the velocity -
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signals from the geophones, which is performed electronically, by integrated
circuits, PCS uses the BISAR computer program developed by the Koninkli jke

u--
]
[ d

Shell Laboratory in Amsterdam in their NDT evaluation program. The BISAR is a

LPL

linear-elastic multilayer computer program that is used for the caleculation of roed

R

* References cited in this Appendia are included in the References at the end
of the main text,
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stresses, strains, and displacements because of one or more uniform circular :j::
surface loads (vertical as well as surface shear loads) and allows the use of ;E;E
a variable degree of interface friction (smooth to rough) between any two P
adjacent layers within the pavement system. ;

4. For any given multilayer system having known .aickresses h; and
moduli E; , the surface deflections at various radial locations (from the
center of the uniformly loaded area) can be computed from the BISAR. In NDT
analysis, layer thicknesses are known but layer moduli (in situ E; and Pois- 3§¢5i
son's ratio) values are unknown parameters. By assuming that the predicted :iﬁ%:;
deflection, at any radial distance, is equal to the measured FWD deflection at tiiﬁ%
the same radial location, the BISAR can be used in a searching routine to R
evaluate the set of layer moduli that predict the same measured radial deflec- o ﬁﬁ;ﬁw.
tions as that determined by the FWD geophones. Thus, by measuring the surface kg;i :
deflection basin under a known load and known set of layer thickness, it is gﬁé{:'
possible to determine the in situ response of layer material properties at the Tf:¥f'
specific test location, Y
5. ‘'The layer moduli are developed through an existing PCS software pro- ;’;f.;
gram that sequences through several BISAR iterations until predicted deflec- ?ﬁ;éﬁ'
tions agree within a preselected percentage error of the FWD measured deflec- eFs
tions. The PCS evaluation method demonstrated for this project consisted of ;ca;'h
determination of layer moduli from NDT data and conversion to conventional Eﬁ%;
pavement properties through correlations between the E derived layer values :ﬁﬁtf:
and the classical CBR and k values. &:;?*&
6. The correlations that have been used are: f
a. E-CBR relationship. E = 1,500 (CBR) with E 1in psi units.
This is the widely known Shell 0Oil relationship developed by X
Heukelom and Foster (1960) from in situ dynamic vibratory tests. RS
b. E-k relationship. E = 10% with E in psi units with x
= 1.415 + 1,284 log k with k 1in pci units. This relationship
has been developed by the US Army Corps of Engineers and is
based upon laboratory resilient modulus results and in situ
measured plate-bearing (k) evaluations (Chou 1981).
Whereas, E-CBR relationships are valid for individual layers, the E-k
correlation is only valid for subgrade.
7. Tue results of the NDT testing program cbtained by PCS at MacDill :; L
AFB on five test sections resulted in the following gencial obsurvartions ?;;ﬁ;f“
relative to the in situ ' .yer properties: RN
)
O
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" a. The sand subgrade (SP) appears to be relatively uniform, but
' inherently variable, within all individual sections. The most
significant deviation occurs on the SP-SM subgrade of see-
tion TW-33.

Using the E = 1,500 (CBR) correlation equation, the average CBR
of the subgrade is 27 with an associated range of 16 to 4.
These NDT-predicted CBR values appear to be in excellent agree-
ment with test-pit studies.

o

e}

The average NDT predicted k value is 310 pei with a general
range of 210 to U450 pci. These values appear to be higher than
values obtained from test-pit data.

a

The analysis of the results of the limerock base layer material
(SM) indicate that this material exhibits very poor in situ
strength/response characteristics. The range of NDT-predicted
CBR was found to be between U4 and 50 (overall average near 15).
These NDT-predicted CBR values appear to be in excellent agree-
ment with test-pit studies. '

"f e. The asphalt concrete moduli predicted from NDT results show an
average E value of 635 ksi and range of approximately 300 to
900 ksi.

NDT-predicted values of portland cement concrete (PCC) layer

I

moduli indicated an average moduli of 4.9 x 106 psi and a
X range from 3.5 x 108 to 6.2 x 10® psi.

g. NDT analysis of the only composite pavement indicated that the
existing PCC layer is severely cracked. This conclusion was
based on the abnormally low PCC layer moduli that was predicted
from the NDT deflection test results on this pavement section

) (E =1« 10° psi).
J 8. The flexible pavemen. load evaluation used by PCS in this study was
based upon the CBR equation developed by the WES., This equation is:

: 6= oy {a, [0.0881 - 1.1562 (x) - 0.6814 (x)? - 0.473 (x)3]l (A1)
where
t = flexible pavement thickness, in.
a; = load repetition factor
A, = contact area of one tire in the known gear system, sq in,
CBR = strength of layer considered
x = logyy CBR/p, = logyg (CBR x ac)/Pe

Pe = equivalent tire pressure at depth 2z used in calculating
the P_ value

e
P, = equivalent single-wheel load
A3
o T e L e e e e 0 L e e e
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The sand subgrade (SP) appears to be relatively uniform, but
inherently variable, within all individual sections. The most
significant deviation occurs on the SP-SM subgrade of sec-
tion TW-33.

Using the E = 1,500 (CBR) correlation equation, the average CBR
of the subgrade is 27 with an associated range of 16 to U,
These NDT-predicted CBR values appear to be in excellent agree-
ment with test-pit studies.

i

1o

[ o]

The average NDT predicted k value is 310 pci with a general
range of 210 to 450 pci. These values appear to be higher than
values obtained from test-pit data.

The analysis of the results of the limerock base layer material
| (SM) indicate that this material exhibits very peor in situ
o strength/response characteristics. The range of NDT-predicted

- " CBR was found to be between 4 and 50 (overall average near 15).
These NDT-predicted CBR values appear to be in excellent agree-
ment with test-pit studies,

[=H

€. The asphalt concrete moduli predicted from NDT results show an
average E value of 635 ksi and range of approximately 300 to
900 ksi.

NDT-predicted values of portland cement concrete (PCC) layer
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moduli indicated an average moduli of 4.9 x 106 psi and a
range from 3.5 x 108 to 6.2 x 100 psi.

g. NDT analysis of the only composite pavement indicated that the
existing PCC layer is severely cracked. This conelusion was
based on the abnormally low PCC layer moduli that was predicted
from the NDT deflection test results on this pavement section
(E = 1 x 100 ps1).

8. The flexible pavement load evaluation used by PCS in this study was
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based upon the CBR equation developed by the WES. This equation is:

t:a {Ae [0‘01481 - 1.1562 (x) ~ 0.6414 (x)Z - 0.4T3 (x)3]l (A1)

where T;_
t = flexible pavement thickness, in, N

a; = load repetition factor N

Ac = contact area of one tire in the known gear sysiem, sq in. -é*‘

CBR = strength of layer considered . .

X = logy, CBR/p, = logyy (CBR x a,)/P, ""i

Pe = equivalent tire pressure at depth 2z used in calculating §3j1

the P, value P!

e "fw'}]

P, = equivalent single-wheel load y
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The alpha a; traffic factor is a function of the number of aircraft passes
(Np) and number of tires used in the equivalent single-wheel load analysis
(n,) (Yoder and Witczak 1975).

9. For each controlling aircraft in the Aircraft Group index (AGI),
single-wheel/load depth relationships were determined from a Luevron elastic-
layered computer solution (Boussinesq solution) using the well-known princi-
ples of the equivalent single-wheel procedure of the Corps of Engineers (i.e.,
equal interface deflection theory). Various deflection locations were used
within the gear representing the controlling aireraft of the specific AGI to
determine the maximum deflection location. The results of the derlection
analysis were then used to establish closed-form solutions of equivalent
single-wheel load-depth relationships for each AGI.

10. Rigid-pavement evaluations were based upon the Westergaard free
edge stress. The thecretical free edge stress is modif'ied by a load-transfer
factor 8 (taken in design to be 8 = 0.75) to account for observed differ-
ences in joint load transfer, and hence actual stress, to that predicted by
the Westergaard theory. Westergaard free edge stresses were computed for all
13 AGI (controlling aircraft) and closed-form solutions were developed for
each aircraft. The model form used was:

=1 -1
Ope = h2 (bo + b1 Ln ¢ + b22 ) (A2)
11. The allowable load equation, using this stress equation form, and

the existing Air Force (Corps of Engineers) relationship was then:

PsxhzxMR
Pa = -1 (A3)
8 [g(k,Cf)] x (bo + b1 Ln ¢ + bzn )
where
Pa = allowable load

Pg = standard load used in the H-51 Westergaard stress
analysis

h = PCC slab thickness
MR = design flexural strength (modulus of rupture)

g = load transfer factor
g(kycf)

mathematical function relating the modulus of reaction
k and coverage to failure level (C;) to the parameter
called the design factor
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by by, by = statistical regression coefficients that are functions
of the specific AGI (aircraft type)
£ = radius of relative stirfness

12. The load evaluation summary presented in the PCS report is based
upon the initial failure (first crack) criterion. Pass-to-coverage ratios
which were necessary for each AGI to perform the load evaluation were calcu-~
lated using taxiway conditions and assuming that 75 percent of the total traf-
fic volume covered the assumed traffic lane. While not all test sections
evaluated in this study were taxiways, this assumption was used for all

sections simply for computational expediency.

 Dynatest Consulting, Inc. (1983)

13. Below are listed some of the most important steps in the Dynatest
procedure for evaluation and overlay design.

a. Layer thicknesses are measured, and the modulus of each layer,
ineluding the subgrade, is calculated from deflection tests.

ey
.

v a3
' 0

LA

T
A

b. The moduli are adjusted to correspond to the climate conditions
of each season in the design procedure.

-

I_‘:.‘y
¢. The permissible stresses or strains in each material are estab- 'y
lished as a function of the condition of the material (i.e., N
modulus) and of the number of load repetitions. R
d. The reductions in residual life caused by previous loads are NN
either calculated from the previous loads or are considered »:ﬁ“
(indirectly) through their influence on the present structural ;4;;
condition. SR
e. Number, size, and position of future loads are established. :‘5:,-2
‘"‘ -'
f. The needed overlay thickness of a given material to provide the :ﬁi%
desired serviceability or structural condition for the design T}:¥
period is calculated. RN
14, The Dynatest 800 FWD Test System was used for the NDT. The adjust- h‘,._j!
able load was set to its maximum capacity of approximately 24,000 lb (force), g:ﬁ}f
Pt
and a loading plate of approximate 6-in. radius (150 mm) was used to simulate e
N
the stress level of a heavily loaded jet aircraft. The resulting stress level Yy
was somewhat in excess of 200 psi under the loading plate. oS
15. The FWD load is transient (as opposed to vibratory), having a time '?3?
‘k“l"
of loading of some 25-30 msec, thus corresponding to the effect of a moving F{ﬁ
aircraft wheel load. Both th2 load level and a series of seven simultaneous iﬂ;;

deflections are monitored for each FWD test, with the deflections measured at
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the surface of the pavement from the center of the loading plate (through a \Q'ﬁ
small hole in the middle of it) out to a distance of more than 2 m fiom the :ﬁ v

b

center. This enables calculation of the elastic properties of each structural

layer in the pavement (assuming pavement layer thicknesses are known) through

FFd
27
L% 5.2

the use of a reverse, iterative procedure that matches up the load and deflec- AN
tions measured against a unique set of material properties. %Efg
16. To obtain reasonably accurate moduli of the pavement layers, Dyna- B}EL

test states that it is essential to consider the nonlinearity of the subgrade. §ay5
Nonlinear subgrade moduli may be considered either by using finite element ;&tﬁ
methods or by using a modified version of the MET (Ullidtz 1977). If a large ?i;ﬁ
number of points are to be evaluated, and this is desirable because of the iiﬁi
large variations in pavement structures and subgrades, then the use of the gfbé
finite element method by Dynatest is not practical for time and cost reasons. ﬁ&g&
Furthermore, MET has been found to give as good as or better agreement than §i§ﬁ
the so-called exact methods (inecluding the finite element method), when com- §#<f
pared to actually measured stresses, strains, and deflections in road struc- }_n;
oy

tures (Ullidtz 1973).

Y

YT
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17. The nonlinearity of the subgrade may be determined by carrying out

LY

FWD tests at different stress levels. Another possibility is to calculate the g‘ﬁ:
{

nonlinearity from the shape of the deflection basin at one stress level. This o

second alternative employs the ELMOD program even though it is very easy to
change stress level with the FWD, because it is preferable to include other
changes in modulus with depth (e.g., layered subgrades, changes in moisture
content or overburden pressure) as an "apparent" nonlinearity rather than to
disregard such variations. The moduli of the pavement layers, including the

subgrade, were determined with the ELMOD program, taking the nonlinearity of

the subgrade into consideration.
18. MET has been incorporated into the ELMOD program (for evaluation of <.

layer meduli and overlay design). This program has been written for the HP-85 .

microcomputer, the same microcomputer that controls the 8000 FWD. The ELMOD

program determines the layer moduli, including the nonlinearity of the sub-

grade, by fitting the theoretical deflection basin to the measured deflec- S
tions. When, in a later step of the calculations, the overlay thickness is Eﬁii
to be determined, the MET is used to calculate the critical stresses ana EE:E
strains. i

19. To consider the conditions at Joints and corners of rigid Cere

Aé




pavements, a special version of the ELMOD progran is used. For the center
of a slab, the same procedure as described above is used. For Joints and
corners, the concrete modul’ - is then assumed to be the same as determined
at the center, and the modulus of subgrade reaction k is calculated using
Westergaard's modified equations (Westergaard 1948). At joints, the degree
of load transfer is calculated and considered in calculating the modulus of
subgrade reaction and later when determining the required overlay thickness.
Westergaard's equations are also used to calculate the modulus of subgrade
“reaction at the center of the slab, and, by comparing this value to the value
determined at the Joint, it is possible to infer the presence of voids at the
- Joints,

20. The moduli determined from the deflection measurements obviously
correspond to the climatic conditions during testing. To carry out a proper
overlay design, the year should be divided into seasons of reasonably constant
climatic conditions.

21. With the ELMOD program, it is possible to divide the year into up
to 12 seasons. A sinusoidal relationship is used for the asphalt temperature
and the asphalt modulus is determined from

T
ET = [A + B x 10g10 (E)] x Ec (al4)

where

ET = modulus at T , degrees Celsius

T = measured temperature, °F

E. = modulus at a reference temperature C, °C

C = reference temperaiure, °C

A and B = constants (input values)

The permissible stresses or strains will be closely related to the definition
of "failure." For "bound" materials, such as PCC or asphaltic materials,

"failure" may be defined as cracking of the material. In this case, the
permissible stress or strain may be determined from fatigue testing in the
laboratory. But a transfer function is needed between laboratory and in situ
ccnditions.

22. Two seasons were used in the structural evaluation, each of
26 yeeks. The mean temperature was assumed to be 59° F (15° C) for one

season, and 94.5° F (35° C) for the other season. The subgrade modulus varies




sinusoidally with season according to the equation

1 E:min 1 E\‘min s I 1
R = 5 X T+ £ +3 - E x 8S1n 58 (W - WM - 13)J (A5)

max max
where
R = seasonal factor
E = minimum modulus during the wet season

Epax = maximum modulus during the dry season
W = week number, counted from January 1
WM = the number of the week when the modulus is at its minimum
(for this evaluation WM = 6)

= 0.67 (estimated from previous FWD testing in Florida)

The seasonal correction of the modulus is applied to the subgrade only. For
asphalt, the following modulus-temperature relationship has been used:

E(T) . ('r - 32
B(C) © ' 2108 \TT5 ) (A6)

vhere
E(T) = modulus at T , °F
E(C) = a reference modulus corresponding to a temperature of
45 + 32 = 17° F

The nonlinear properties of the subgrade are expressed as:

n
%
E = C x (ET> (A?)
where
o, = major principal stress
o' = reference stress (a value of 0.1 MPa (14.5 psi) has been

used)

C and n = constants (n is negative)

23. For the nonlinear subgrade the modulus used in the structural
evaluation E_ is the modulus corresponding to a plate-loading test on the
top of the subgrade with a U50-mm- (17.7-in.-) diam slab at a magnitude of
deflection of 1 mm (39 mils).

24, For composite pavements, a fixed modulus is used for the concrete

and the asphalt modulus is calculated by the program.

7

Ih?

‘ .g’

f
r

A
L a0
:

s Ty

§rpe
4?1

IR T I

-
7
;"r:v’
e
P
e
»

4
[4

‘l LE

¥ et v ke Sl
. '
A, Ay

o e

2

#
4 4"-" P

5 S
e

..,
RS
t-l.l‘lﬁg‘
X :'7‘1{,(1’:‘ '

-

'
)

B
RO
N fadeh
PR |

s "w Te Sa 2 ¥

[
kS
el
1 Foartl s
»
747

k4

&
P4

b Ta o 2 e 4
.?
Ay



25. A standard overlay material is used with a modulus of 650 ksi
(4,500 MPa) in one season and 290 ksi (2,000 MPa) in the other season. A
Poisson's ratio of 0.35 is used for all materials except concrete where
Poisson's ratio is assumed to be 0.15.

26. For the unbound materials, including the subgrade, the following

stress criteria has been used:

: d
o = 0.5 x N-O.OGb? . (EB) (48)

where

o = permissible normal stress for N number of load applica-
tions, MPa

E = modulus of the material, MPa
Eo = reference value, here equal to 160 MPa (2,300 psi)

d = a power which is equal to 1 when E is greater than Eo ,
otherwise 1,16

This relationship has been derived from a combination of full-scale field
testing and dynamic testing of permanent deformations. The E/Eo relation-
ship was derived from the American Asscciation of State Highway Officials
(AASHO) Road Test.

27. For asphalt materials the following failure strain criteria was

used:

e, = 0.000228 x VB N-0:178 (49)

where

permissible horizontal strain at the bottom of the asphalt
layer for N number of load applications

[

t

VB

volume percentage of bitumen, here approximately 12

For PCC the flexural strength corresponding to static loading was determined

from

2P = AX(EJ (A10)

A9
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where

ZP = flexural strength of PCC, MPa
= a constant, here 1,18 MPa (170 psi)
= modulus of Lhe concrete, MPa
Eo = a reference modulus, here 10,000 MPa (1,450 ksi),
d = a power, here ! for E > Eo and 0,77 for E < Eo

Flexural strength, psi = 9 «x v/éompressive strength, psi ,

28. A maximum flexural strength of 610 psi was assumed, because this is
the maximum value measured by the Air Force Engineering and Services Center
(AFESC) at MacDill AFB.

29. The permissible number of load repetitions, when the dynamic,

repeated loading is superimposed by a static load from temperature gradient is
(Herholdt et al. 1979)

TSN
-

R R
.

v
ata

N = 1O[12x(1-}:DS/FS)/(1-PS/£DS)] (A11) .

R

S Py

where , ‘,,9'2:
IDS = sum of dynamic and static load (in this analysis static gﬁﬁ}q
load assumed to be insignificant) “ﬁk:j

- . Y |

FS = flexural strength S

PS =z static load :ﬁftﬁ

ol

.
s
2

el d
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30. It is recommended by Dynatest that the allowable gross aircraft
load be taken as the load that can be sustained by more than 80 percent of the
test points.

31. A pass-to-coverage ratio of 1 is used throughout by Dynatest., Fur-
thermore, for the concrete sections, the lonading corresponds to ear.y morning
conditions. Corners and joints of concrete slabs were evaluated during the
morning hours because this is the critical period from a structural point of
view,

32: Test Area 1 was treated as a two-layer system, because it was im-
possible to distinguish the limerock-stabilized sand base from the subgrade.
Test Areas 2 and 3 were both considered as three-layer systems. For both of
these test areas, the subbas< was included as part of the subgrade. An as-
phalt overlay has been assumed with a winter modulus of 650 ksi and a summer
modelus of 290 ki The mavimum gross load used for the B-TU7 was B25 kips

and for the DC-10-30, 555 Kips.
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[ ' . ERES Consultants, Inc. (1982)

33. The overall procedures used by ERES to evaluate the pavements were

as follows:

; 2. A conditien survey was first conducted to determine what dis-

i tress exists and the present overall condition of the pavement

4 using the Pavement Condition Index (PCIj;.
! . b. The pavement structural response to aircraft loads was measured
] S with a Dynatest Model 8000 FWD; the heavy load (24,000 1lb) was
- B ' : o required to simulate the heavy aircraft wheel loads using the
s - -- - pavements. ERES states that the FWD closely simulates the de-
flection basin obtained under actual moving wheel loads, The
entire deflection basin 6 ft from the load plate was measured,
i ~The load-carrying capacity of the joints was measured, and the
; critical load location determined. '
) ¢. The stifrness of the pavement layers were back~calculated from
; the deflection basin curvature using an elastic layer model for
- AC pavements and a finite element model for concrete and com-
posite pavements.

- d. The critical stresses and strains were calculated for various .8
- aircraft loads placed at the critical location on the pavement oy
y using the same elastic layer and finite element pavement mecdels :\5:\
5 used to characterize the pavements. The measured load transfer pQ@i
. at the joints was direetly taken into account in the analysis. :xjg

[V
e. The number of load coverages to a selected proportion of crack- f‘*i
[ ing (and rutting) was then calculated using fleld-verified [
. damage models for given aircraft types and loads. ?;}:
34, The FWD used by ERES was manufactured by Dynatest Engineering, ;;;:

oo
Ltd., of Denmark. The unit can produce loads from 1,500 to 24,000 1lb with a ;ggi
. duration of apptoximately 27 msec. ;;j
4 35. The load is applied to the loading plate by dropping a weight pack- Sﬁ%
f age on a dampening system and is measured directly by a load cell. The Ei?

! resulting pavement deflection is measured by seven seismic deflection trans- S

ducers spaced at predetermined intervals from the loading plate (12-in. inter- ~q!

- vals in this study). The signals from the load cell and deflection trans- %t:
b, !‘,. o
¢ ducers are fed into the system processor which selects the peak values and Z: y
' transfers this information to the HP-85 computer. Three different load magni- Eﬁg
¢ tudes were used in this evaluation ranging up to 24,000 1b, |
W SAC
‘ 36. According to ERES, cnaracterization of jointed concrete pavement is :?:
': best modeled with a finite element model that can accurately represent the :j:

": Joints. ERES uses the ILLISLAB finite element program (modified) that was f:j

-G developed at the University of Illinois. A
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37. The pavement can be accurately characterized by back-calculating
the modulus of elasticity of the slab and the k-value of the foundation from
the measured defiection basin. ERES has used several different methods to
determine the best modulus of elastiecity E and k values for given pave-
ments. The most consistent method is to use the area of the center slab
deflection basin and maximum defleetion, A graphical relationship of area
versus maximum deflection as functions of the modulus of the concrete slab and
the foundation support modulus k is then developed over a reasonable range
of E modulus values and k values until the average area and maximum

‘deflection of the pavement are bound using the ILLISLAB program. Tne E

modulus and k value determined will normally accurately give the slab curva-
ture measured with the FWD, The area and maximum deflection basin of indi-
vidual slabs can be used to determine an E and k value, or the average of
all the slabs can be used (excluding any very unrepresentative slabs). The
mean area and maximum deflection were used herein to obtain an average E
and k value for the pavement section.

38. The concrete modulus of elasticity E and the k value of the

foundation are not the standard static E and k value measured by long-term

static tests, but represent the dynamic response of the pavement to the FWD
load, and consequently the moving alrcraft wheel load, For example, for Test
Area 5 (10.5-in., PCC), the following was obtained.
E modulus (dynamie) = 4,500,000 psi
Poisson's ratio = 0,20 (assumed)
k value (dynamic) = 315 pel
ERES has developed an empirical relationship batween the measured dynamic

modulus of elasticity of a standard beam and its standard third-point loading
modulus of rupture. The estimated modulus of rupture of the concrete slab is
632 psi based on a dynamic modulus of elasticity of 4,500,000 psi.

39. The pavement model characterized as described was then loaded with
each of the 13 critical aircraft. The critical location for the aireraft gear
is at the joints. The critical joint having the lowest load transfer was
determined. The aircraft gear was positioned so as to give the critical
stress in the slab. This position was normally with a wheel load parallel to
the jJoint {similar to standard Corps of Engineers and Federal Aviation
Administration (FAA) design methods).
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each aircraft, These stresses are located at the bottom of the slab and
parallel to the joint., The joint was modeled with a deflection load transfer.
41, The next step was to estimate the number of siress repetitions that
the slab could witt stand until cracking occu-s. To accomplish this difficult
task, ERES used a relationship between the ratio of the modulus of rupture to
the critical stress in the slab and the number of actual coverages of the air-
craft gear to cracking of the slab. This relationship was developed using
field data from 52 Corps of Engineers test sections that were run over the

‘past 40 years, The critical stress in each of these pavements was calculated

using the ILLISLAB finite element program for the actual loading used. The

- dynamic modulus of elasticity of the concrete was used and an estimate of the

repeated load k value was used in the stress calculation. The damage model

derived from these data is shown below.
log,. (coverages) = 2.27 x MR + 0,056 (a12)
10 ) STRESS '

where
number of coverages to 50 percent slab cracking

logp (coverages)

MR = third-point modulus of rupture calculated from
dynamic modulus of elastiecity from FWD, psi
STRESS = critical stress in the slab using appropriate

load transfer in the ILLISLAB finite element
program, psi

42. Graphs of gross aircraft load versus the number of coverages to
50-, 25-, and 10-percent slab cracking were plotted for a given aircraft. The
allowable aircraft gross load can then be read from these graphs for the
specified pass intensity levels.

43, Pass-to-coverage ratios calculated using the normal distribution
were used to convert coverages to passes. Allowable gross aircraft loads to
50~-, 25-, and 10-percent slab cracking for the given pass load intensity
levels are given. It must be remembered that these loadings are for the air-
craft oriented in the critical direction (parallel to the joint with the low-
est load transfer for this apron). If the joint had much higher load trans-
fer, as would occur with mechanical load-transfer devices, the load-carrying
capacity would he substantially higher. The load-transfer capability of the
Joints will always control the load-carrying capacity of the overall jointed

concrete pavement.
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44, Since the overlay is to be designed for only cne aircraft, a sim-
plification of the normal ERES procedures can bec made. If more than one heavy
aircraft were to use the pavement, a different analysis would be conducted to
analyze the need for strengthening the pavement (using the Miner's cumulative
damage law).

45. If past load damage were evident, the Miner's cumulative damage law
would be employed as follows.

n n, : v
Total damage = ﬁB + N (A13) AN
- Lanar 5 p E ¢ o DR A S

past future
~damage damage

46. If adequate data are available, then a summation of load damagz can
be made using the Miner's damage law. However, if there are inadequate past
traffic data, then the amount of past damage can be estimated using existing
load~-associated slab cracking.

47, A series of stress calculations are made using the ILLISLAB finite
element program over a range of overlay thicknesses for a given pavement and
aircraft. The critical stress is still in the same location at the bottom of
the slab parallel to the joint for the AC and the bonded PCC overlays. The
critical stress for the unbonded PCC overlay is either at the bottom of the
existing slab or at the bottom of the new PCC overlay at the joint. The
moduli and Poisson's ratio used for the AC and PCC overlays are as follows:

AC overlay: E = 350,000 psi, u = 0.35 (A1H)

"

PCC overlay: E = 4,000,000 psi, u = 0.20 (A15)

k8. The same load transfer that exists in the base slab was used for
the AC ana PCC bonded overlay since they will not increase the load transfer
at the joint, The load transfer for the unbonded PCC overlays was increased
to that normally used in new design for joints with mechanical load transfer
or tied keyways (75 percent).

49. The number of aircraft coverages until slab cracking for each
overlay thickness was then calculated. The allowable coverages were converted

to passes., A failure criteria of 25 percent cracked slabs is believed to be
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:, reasonable for major rehatilitation purposes.
ﬁ- 50, For the composite pavement section, the finite element model was
used to model the critical joint area. The ILLISLAB model was used with the
. two layers (AC and PCC) bonded together. The pavement layers and subgrade
: support were characterized by back-calculating the modulus of elasticity of
¥ the asphalt concrete and concrete slab and the k value from the measured
! 7 deflection basin, The area method was used.
by 51. FWD deflection tests were conducted at the slab center, transverse
ﬁ; -7Joint, longitudinal joint, and slab corner. Load-transfer tests were also
7:3 taken across random cracks in the overlay. Six different slab areas were
- tested overall, The reflective crack/joint load transfer was determined. The
! determination of allowable loads and overlays followed the same approach as
eS- used for jointed concrete pavement. '
f; 52. For flexible pavement characterization, the general preocedures used
o to determine the moduli values required modeling the pavement as a two-layered
l: system and modeling the deflection basin to determine the subgrade modulus
ﬁ; (Hoffman and Thompson 1981), With the subgrade modulus known, a factorial
.ii design was conducted with varying moduli values to match the deflection basin.
;: This procedure provides a unique solution for the previously selected subgrade
'55 modulus used. Relationships were developed for each pavement structural
"3 section., The FWD deflection data plotted on these relationships provide the
;f’ moduli for the two layers, completing the chatacterization with a unique match
v to the deflection basin measured in the field.
8. 53. The AC modulus was found to be very sens.tive to the modulus
'%I obtained for the subgrade. The base course, however, showed little sensi-
,i; tivity for the pavements analyzed in this study.
- 54. Flexible pavements will generally fail because of permanent dzfor-
;V mation (rutting) or fatigue c¢racking of the AC layer., When cement-stabilized
fﬁ layers are used for the base course, the problem of fatigue failure in the
ffﬁ cement-stabilized layer must be examined. Rutting is generally characterized
g by the vertical stress on the subgrade, the vertical strain on the subgrace,
L or the vertical deflection of the pavement surface. Fatigue cracking is gen-
- E: erally related to the radial tensile strain that develops at the bottom of the
,:; AC layer or the stabilized layer. These pavement response parameters are
"y related to the number ¢f loads producing a response that will cause a spe-
.‘ cified level of failure to ocecur.
.
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55. Critical stresses and strains were calculated at the interfaces of
the layers. The multiple-wheel load (MWL) elastic-layered program was used to
analyze the multiple-wheel gears of the aireraft and calculate the stresses
and strains used in the analysis. The critical values were calculated as a
function of the gross aireraft load. In these calculations, the gross air-
craft loads were decreased in increments with the resulting tire pressure
changing to keep the contact area the same for all load levels.

56. The MWL elastic-layered system was used in this anaiysis because
. the materials in the pavement structure were primarily granular and acted
linearly. Excellent deflection matches were obtained with the elastic-layered
_analysis used in the characterization. The outputs of the program are the
vertical stresses and strains at the subgrade, the vertical deflection of the
surface, and the radial strain in the AC layer.

57. The failure criteria used in this analysis include radial strain in
the AC and the vertical strain on the subgrade.

58. The rutting failure criterion used in the analysis was the one
developed by Chou (1976). This relationship is in the following form:

1

e, = 5.511 x 107 R (416)
cov
where
€, = vertical strain on the subgrade
Nooy = number of coverages of the specified aireraft producing that

strain

59. This equation was used to calculate the allowable strain for each
aircraft being analyzed as a function of the number of coverages specified for
that aireraft. The allowable strain calculated in this manner was used as the
failure criteria in this analysis.

60. The French Shell method of evaluating fatigue damage is one of the
most flexible procedures for evaluating fatigue in different asphalt materials
(Bennaure, Gravois, and Udron 1980). The equation is presented.

Er = (4,102 x PI - 0.205 x PI x Vb + 1,049

;0.28 y N-0:2 (A17)

x Vb - 2,707) x S‘ cov
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where
radial strain

€

P; = penetration index, assumed = O

Vb = volumetric bitumen content, 15 percent
Sm = stiffness of the mix, N/m?

N = number of coverages

61. For a totally nondestructive type of analysis, typical asphalt
. properties can be assumed that consider the condition of the pavement, the age
-----of the asphalt materials used, and the properties of the original materials

used. The temperature variation can be accounted for in the stiffness modulus

___of the AC,
62. The fatigue curve developed from the French Shell method represents - ”*iﬁf;‘
the median of a large number of fatigue samples, and use of this curve should ﬁ::\,
produce values representative of 50 percent wheel path area cracking in the Eﬁ%ﬁ
pavement. A more accepted level of fatigue cracking is approximately 10 per- &iﬁ
cent eracking. Curves were also calculated representing the strain and el
loadings that would produce cracking levels of 10 and 25 percent, S{:
' 63. The pavement response values were obtained for each aircraft for S%
each level of loading. Graphs were then prepared showing the relationship EE:
between the response values and the gross aircraft loadings. r .
64. The allowable strains for rutting and fatigue were calculated from E;% :
the equations using the number of coverages. Different allowable loads are ;S$:5
calculated for conditions of rutting--fatigue 50 percent, fatigue 25 percent, &{bﬁ
and fatigue 10 percent of the area. The comparison that produces the lowest oy
- oy
allowable gross load between fatigue and rutting should be the one selected i
for a particular pavement. The acceptable level of fatigue cracking is an ?ﬁ%;
engineering management decision. iﬁ{j
65. The modulus value for the AC surface layer could be changed for a ;Krg
geasonal analysis to show temperature influences, Additionally, the subgrade Eﬁgi
modulus value could be altered to indicate seasonal variability. The values iﬁi::
determined in October 1982 are deemed representative of the Tampa, Fla., area; kf:;
- 4

over a year or S0 no changes were made in this analysis (no frost problem
existed and the water table was relatively high).

VA
’L ALY, 4T,

66. Because the limerock tase appears to be cemented to some extent
(the modulus value is much higher than nonstabilized granular materials), an
analysis was carried out to examine the fatigue life of a cement-treated

“
2

-"- . .-,..}c‘!
R

NS

AT

AT
Py

%
Fa AN

. .:'-‘
",

[
sretia

" u
,




L A At 40 Tal 0l Val Vel Rl ol VAl VR Nol Tl Sal Sal Sal Sall Ril Bl BB BN Il Ral Auh Bk Akl Sl S L e S -..—.ﬂx-—...-‘\-\.\\h‘..!

3%
AR
R
soil. The analyses conducted relate primarily to true portland cement- ﬁi,'
stabilized materials, not naturally cementitious materials. The first method igéi
of analysis used Portland Cement Association data on fatigue of soil cement &i&ﬂ
using the radius of curvature of the stabilized layer {Larsen and Nussbaum &gpi
1967). The damage model for a low quality cement-stabilized material is ygfq
,.h h‘
NN
Seve
r o Re x N0.032 (a18) &ﬁﬁh
1.05 - 0.042h "*ﬁ
, ' RN
where Qkﬁi
R = radius of curvature §¥a3
IN, W
Re = critical radius of curvature = 7,000 in. Sk
"N = number of load repetitions the section will carry o "”Q?QA
: i <,
h = thickness of stabilized layer Ef%}
N
67. The second analysis used results from ERES employing AASHO road Q::Q
test data for the cement-stabilized layers and elastic-layer analysis to Qiég
{
obtain appropriate critical strains. The damage model is AL
-ﬁ\ ~
RN
log NZ.S = 8.559 - 3.488 log ¢ (A19) EH;f
s v::‘:‘!
o
where :{:;}
N, 5 = number of loads to reduce serviceability to a failure level Nt
. .
¢ = strain in cement-treated material g

68. Because the limerock base is not a true portland cement-stabilized

phM’

layer, these analyses are more approximate than the rutting and fatigue ﬁ?ﬁ{
analyses. These analyses cautiously use existing pavement conditions. The Eﬁg&
results do show a substantial reduction in allowable loading. :2:5
69. For overlay design the pavement section is characterized as previ- VS

ously described. It is then modeled with the aircraft placed on the pavement §f~¥
structure at its maximum load and the pavement response values calculated by Ziiéz
the MWL program. The thickness of the overlay is varied and the response fﬁi:
values for each thickness calculated. The allowable strains are then calcu- :*;i;
lated for each aircraft using the field-developed equations presented in gqfi
the previous section for the number of coverages of each aircraft., Overlay 3322
thicknesses are selected based on the rutting and fatigue analyses. These :’Qi
thicknesses would be increased somewhat if the pavement showed signs of load- Qﬁ;;
related distress indicating that some fatigue or rutting damage had already NN
S
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been produced by the previous traffic on the pavement,

70. For multiple-aircraft loadings, the Miner's fatigue damage concept
is used to compute total damage from all aircraft using the pavement. This
total damage is correlated to percent cracking of the pavement to determine
the limiting criteria. This procedure of directly considering existing load
transfer will give reduced allowable loads and increased overlay thickness if
the load transfer is poor. Poor load transfer existed on both jointed

concrete test areas.

" R. W. Brandley (RWB)(1983)

T1. The test program conducted by RWB consisted of the following:

a. A survey was performed to determine the condition of the
existing pavements by visual observations.

b. Dynatest FWD tests using the Dynatest 24-kip unit were
conducted.

¢. Joint efficiency tests using loaded vehicles and cantilever
deflection beam were carried out,

d. Tests using the WES 16-kip vibrator were conducted.

72. Each test site was visually inspected in some detail to determine
the existing conditions of pavement at each test area. The purpose of this
condition survey was to provide information on distress that had occurred in
the pavements as the result of traffic.

73. The Dynatest FWD test equipment was used to conduct the FWD tests.
At each location tested, the test load was dropped from such a height as
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to provide a load of approximately 830 kPa and a load of 1,500 kPa on a P.E
5.91-in.-radius plate. Deflection readings were measured directly under the §§:
plate at distances of 200, 305, 610, 914, 1,524, and 2,438 mm away from the sy
plate. These deflection measurements were automatically recorded. -
74. On the PCC pavement sections, tests were conducted in the center of k;-
the slab, at the edge of the slab, and at the corner of the slab to determine :;”_
the effect of load transfer in the slab itself. The tests conducted at the EE:i
edge and corner of the slab were conducted in such a manner that the joint was &;j
located between the gauges set at 200 and 305 mm from the plate. 3;%;
75. On the AC pavement sections, the tests were conducted both along :;g,
the center line of the test section and 18 ft on each side of the test ;}i:
section. Representative values of derlecvion at each distance measured from n;
o
" 73
_o}
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the center of the plate were determined. These data were used in a computer
program for evaluation of the pavement sections.

76. On Test Areas 2 and 3, considerable variation occurred between the
pavement section at the center of the taxiway and the section at the edge of
the taxiway. To obtain information as to the relative effect of this change
in section, a series of FWD tests was conducted across the taxiways, which
provided a cross section of deflection across these taxiways.

77. The test data obtained on the PCC pavement sections were such as to
determine the support characteristics of the pavement section at the center of
the slab and also to get some indication of the load transfer at the joints.
This was accomplished by applying the load adjacent to a joint and measuring
. the induced deflections on both sides of the joint.

78. WES made data from the WES 16-kip vibrator available for evalu-
ation, The 16-kip vibrator test data were evaluated in a manner similar to
that for the FWD data in that profiles were plotted of the deflections ob-
tained and representative values of deflection at each test location and at
each distance from the applied lvad were determined,

79. 1In all of the WES 16-kip vibrator tests, dynamic loads were applied
and the imposed deflections were measured under the plate at a distance of 18,
36, and 60 in. from the plate. The plate diameter for the WES 16-kip vibrator
was 18 in.

80. The office of RWB had developed a method of testing joints in PCC
pavements sections to determine the effectiveness of the load transfer at the
Joints and the resistance to deflection at the joints under load. The test
procedure consists of placing a cantilever deflection beam on the slab with
two linear potentiometers located at the free end of the beam. The beam is
set on the slab such that one of the potentiometers is located on one side of
the joint and the other potentiometer is located on the other side of the
Joint. A rubber-tired wheel which imposes approximately the same total load
as the aircraft using the pavements is then pulled or driven across the joint
perpendicular to the joint and passes immediately adjacent to the location of
the potentiometers. In this manner, the total relative deflection of the slab
at the joint and the relative movement of one slab with respect to the other
(slab rocking) as the wheel moves over the joint can be measured and recorded.

81. This type of testing was undertaken at Test Areas 1 and 5, which
had a PCC pavement. The Air Force had agreed to furnish a loaded venicle of
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approximately 50,000 lb per single wheel; however, the only equipment avail-
able was a truck-mounted crane which had threes axles. The rear axles had dual
wheels, and each pair of duals was loaded to 7,000 to 8,000 lb. These loads
were very light and did not adequately represent the wheel loadings on any of
the design aircraft other than perhaps the F-16. Because this was the only
equipment available, the tests were conducted using this equipment.

82. RWB used the fatigue analysis method (Brandley 1975) for pavement
evaluation and design for subgrade support, the standard CBR method for flexi-
--ble pavements, and the Westergaard method for rigid pavements for evaluation
of the pavement section itself. The nondestructive test data were used at
_MacDill AFB to obtain modulus of elasticity values for each material within
the pavement section and for the subgrade soils at each test location.

83. The moduli of elasticity calculations were made using the data from
both the FWD tests and the WES 16-kip vibrator tests. Using the data from the
FWD tests, the entire deflection basin was evaluated using the ELMOD and the
ISSEM Y4 programs employed by Dynatest Consulting, Inc. In addition, the pro-
gram for the Boussinesq theory using the equivalent thickness theory was put
to use. The N-layer theory as developed by Cnevron Asphalt Institute was also
utilized, in which the center deflection and the edge deflection are used in
the N-layer computer program to compute the modulus of elasticity of the sub-
grade layers. The values assumed for the pavement layers were those obtained
from the ELMOD or ISSEM 4 evaluations.

84. For the WES 16-kip vibrator, the Boussinesq equivalent thickness
program and the N-layer theory were used with the deflections obtained from
this test procedure to calculate modulus of elasticity values. Part of these
variations in subgrade E-values calculated by each method can be accounted for
by the fact that the Boussinesq equivalent thickness theory and the N-layer
theory assume a linear elastic condition for the support materials; whereas,
the ELMOD and ISSEM 4 programs allow stress-dependent characteristies. Apply-
ing a factor of 2 to 3 to the E-values obtained for the subgrade soils in the
concrete sections at MacDill AFB produces subgrade E.~values which are reason-
ably uniform throughout the site.

85. Using this type of evaluation, soil and pavement section parameters
to be used in the evaluation and design were determined. The E-values for the
pavement section itself used in the analysis were those obtained in evaluating

the deflection basin data taken from the FWD tests. Using the modulus of
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elasticity values and the aircraft loading at each pavement section, subgrade
deflections for each aircraft were calculated using the N-layer theory. After
subgrade deflection under each aircraft loading at each pavement section had
been determined, the limiting subgrade deflection ecriteria were used to deter-
mine the allowable aircraft coverages to failure for each aircraft. One
coverage is obtained on the critical pavement section for each two passes of
aircraft over the pavement section depending on type of aircraft and location,
i.e,, taxiway or runway.
i A 86. The pavement evaluation by the fatigue analysis method was then
determined by comparing the allowable coverages to failure with the pass
levels for each of the four levels of operation established for this study.
Knowing the pass level required for each aircraft type at each test location,
it is now a simple matter to determine the ability of the pavement section to
carry the aircraft loading and to determine what overlays are required to
strengthen the deficient pavement sections enough to carry the anticipated
number of aircraft operations for each aircraft.

87. This same type of analysis can be used to determine the allowable
load at which each aircraft can operate without failure of the subgrade for
each pass level. All of this evaluation with the fatigue analysis method is
for subgrade protection only and assumes that the pavement section is adequate
to distribute the loads to the subgrade without failure of these materials
themselves. It is necessary to evaluate the adequacy of the pavement section
itself for support of the aircraft without failure in this pavement section.
This analysis was conducted using standard procedures with CBR analysis for
flexible pavement and the Westergaard analysis for rigid pavement. The mini-
mum PCC overlay presented in this analysis is 12 in., even where a thinner
section theoretically would perform. It is considered that a minimum 12-in.
section is required to install the necessary load transfer at the joints.

88. Joint efficiency tests were conducted using the FWD, the WES 16-kip
vibrator, and a moving wheel load with a cantilever-type deflection beam.
Research conducted by RWB has shown that pavements 12 in. thick can tolerate
slab rocking up to 0.020 in. without inducing stresses sufficient to cause
failures. However, any slab rocking or relative deflection of magnitude
greater than this will contribute to early failure. This 0.020-in. maximum
slab rocking or deflection criteria for the edge of the slab has been

determined for 12-in. concrete slabs. For thicker slabs, less deflection can
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be tolerated; and for thinner slabs, more deflection can be tolerated.

89. It appears that the amount of movemunt measured under the FWD test
when jJoint efficiency tests are conducted is so small that the joint effi-
ciency cannot be properly evaluated. All joints move a certain amount, and it
has been shown that joints can move up to 0.020 in. with 12-in. slabs without
imposing serious stresses. The light loading of the FWD does not produce
enough movement at the Joint to determine whether adequate load transfer
exists. The same analysis holds true for the WES 16~kip vibrator,

90. Full-scale testing is apparently still required for joint effi-
ciency. While the data are not adequate because of lack of loading to con-
fidently predict adequacy of load transfer, the data do indicate that adequate
load transfer is available in Test Area 1 but that there are sections of Test
Area 5 in which adequate load transfer will not be available.

Louis Berger International, Inc. (1983)

91. The report submitted by Berger consisted not only of the requested
pavement evaluation in terms of allowable loads and overlays but alsc proviaed
results of comparisons with different NDT equipment and different layer anal-
yses. The method used by Berger for NDT evaluation is a combination of
layered-elastic theory and a modified version of the WES DSM method (Hall
1978). This method can be implemented with the pavement profiler, FWD, or the
WES 16-kip vibrator, and similar results would be obtained. The description
given here wWill briefly discuss some of the Berger results using information
from the report submitted by Berger.

92. The method used in the Berger report for determining the allowable
gross aircraft load (AGAL) is the CBR method for flexible pavements and the
Westergaard analysis for edge loading for rigid paviments. ‘uese methods are
also the basis for the current DSM procedure, as outlined by Hall (1978).

93. The NDT data used to perform the pavement evaluation were collected
With the Model 2000 pavament profiler which applied a peak-to-peak cyclic load
of 4.5 kips at a frequency of 25 Hz. UDeflection sensors are placed either 12,
24, and 36 in. or 12, 24, and 60 in. from the center of the load plate. One
sensor is mounted at the center of the 18-in.-diam plate. Berger also made
use of the data collected by WES with the WES 16-~kip vibrator and the Model
8000 FWD (15 kip). The WES data were not used for upgrading the pavement
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systems but fur comparisons of the elastic parameters obtained for the sub-
grade and pavement,

94, For flexible pavements, the critical strain concept shows promise,
but it is Berger's opinion that, in view of the range of critical strain
values, this method requires site calibration. This can be done when past
traffic records are available and when an opportunity is provided for NDT
testing of hoth areas with satisfactory pavement sections and traffic-induced
failures. _

-95. The method for determining a representative DSM value for each
pavement based on measurements with the WES 16-kip vibrator is described in

detail by Hall (1978). The DSM can be determined from measurements made with

the pavement profiler using the following expression:

DSM = 0.8 x = (A20)
o]
‘mere
P = peak-to-peak load for Model 2000 pavement profiler (about
4.5 kips)
a, = double amplitude of the pavement center deflection on an

18-in. diam plate

This is the design DSM which is equivalent to WES DSM ksi, In determining the
representative (P/Ao) values to use for the pavement evaluation of the five
test areas, the 50-percentile values obtained on both the center line and near

wheel path were considered.

Flexible Pavements

ASHL = 0.0437 x (DSM) (a21)
Rigid Pavements

ASWL = 0.01896 x (DSM) (a22)
Composite Pavements

ASWL = 0.0172 x (DSM) (A23)

where allowable single-wheel load (ASWL) is in kips and (DSM) is in ksi.

The following values of allowable single-wheel load were obtained:
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Values, Single-Wheel Load
Test Area ASWL, kips

150
87
35
40
ul
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96. Because the CBR method was used in determining the ASWL in the WES
... study on flexible pavements, it is pertinent to compute the implied CBR of the
subgrade associated with the ASWL for Test Areas 2 and 3. This requires con-
verting the existing pavement thickness to an equivalent pavement thickness,
Ty , having 3 in. of AC and 6 in. of high-quality base. Assuming that the AC
has a 1.7 equivalency to subbase and a 1.4 equivalency to high-quality base
(as assumed in the original WES study), T¢ can be ccmputed for the two flex-
ible pavements if equivalencies are assigned for the existing AC and base
materials. Based on the NDT moduli, it seems reasonable to assign an equiv-~
alency factor of 1.7 to the existing AC, 1,15 for the existing base in Test
~Area 2, and 1.05 for the existing base in Test Area 3. The representative
values of the elastic moduli for the base course in Test Are.s 2 and 3 are
100,000 and 50,000 psi, respectively.

97. Using the CBR equatiori and the ASWL determined from the DSM as

ocutlined above, one can compute the associated CBR,

o x 1,000 x (ASHL)
8.1 x (Ti + 02A/ﬂ)

CBR = (A24)
where
a = 0.94, for 24,000 .sses
ASWL = allowable single-wheel load, kips
T, = equivalent thickness, sq in,
A = 254 sq in.

This gives a subgrade CBR of § for Test Area 2 and a CBR of about 14 for Test
Area 3. These results are not consistent with the subgrade modulus E3 of
about 37,000 psi for Test Area 3 determined from the NDT testing.

98. An implied linear relationship between ASWL and DSM indicates that
the measured DSM would increase proportionately to the square of the pavement

thickness. This has not been observed at varlous sites. Therefore, for the
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purposes of pavement evaluation, a better procedure is to evaluate the CBR of
the subgrade using deflection bowls to determine the subgrade modulus E3 and
then evaluate the CBR using this subgrade modulus. The elastic modulus of the
base E, and the asphalt layer E; determined from the interpretation of the
deflection bowl are used to estimate the equivalency factors. These are used
to determine the equivalent flexible pavement thickness T, . The ASWL bowl
is then computed using the CBR equation, This procedure yields a subgrade CBR
of about 25 for Test Area 2 (as compare to 9) and a CBR of about 15 for Test
frea 3 (as compared to 14). The equivalent flexible pavement thickness equals
31 and 14 for Test Areas 2 and 3, respectively. Consequently, the DSM proce-
dure for determining ASWL for flexible pavement in Test Area 2 is very conser-
vative; whereas, for Test Area 3 this procedure appears to be more reasonable.

99. The deflection bowls measured on rigid pavements can be used di-
rectly to determine all the parameters necessary for determining the ASWL if
the flexural strength of the concrete is known. The following results were
obtained.

Test  Thickness DSM E )
Area in, kips/in, _psi pei in.
1 20.0 8,000 4,000,000 500 48
5 10.5 2,300 4,000,000 250 36

Using the above values for Test Area 5 with a C-141 aircraft, one can calecu-
late the allowable gross load for 24,000 passes:

PG = 0.0189 x (DSM) x (FL) x (TC) {425)
where
P; = allowable gross load aircraft, kips
Fp, = load factor, which depends on the characteristic length ¢
TC‘: traffic factor, which depends on the aircraft gear configuration

and the required number passes

For Test Area 5, DSM = 2,300 , & = 36 , F, = 7.4, and Tc = 0.95 , and
Pg = 0.0189 x (DSM = 2,300) « (F = 7.4) (826)

x (Tc = 0.95) ¥ 310 kips
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100, Using the rigid pavement evaluation curve for the same aircraft
(C-141), an allowable gross load of 310 kips, 24,000 departures, and 10.5 in.
of PCC pavement (with a k = 250 pci) yields a concrete flexural strength of
780 psi. PCC cores tested by splitting and converted to flexural strength by
an empirical relationship produced flexural strengths ranging from 420 to 610
psi (AFESC 1980). Fifty percent of the reported flexural strengths were 500
psi or less. In view of the above and in the absence of a direct determina-~
tion of the flexural strength, a flexural strength of 650 psi was assumed for
the rigid pavement evaluation. The allowable gross load is therefore 260 kips
from the C-141 evaluation curve. Therefore, the following expression was used

for evaluating the rigid pavement of Areas 1 and 5.

PG = 0.0159 x (DSM) «x (FL) x (TC) (A27)

where 0.0159 = 0.0189 (260/310). The allowabls gross load is determined

using this equation which has been developed for flexural strength of 650 psi.
101. Based on the similarity of the deflection bowls and the same

design DSM for Test Areas 4 and 5 (DSM = 2,300), the same parameters can te

used for pavement evaluation of Test Area 4 (composite pavement); i.e.,

k = 250 pei and {3 = 36.0 in.), where determined previously for Test Area 5.
102. The equivalent thickness of PCC pavement is given by the following

expression,
h, = % (h + 0.4t) = 11,0 in. (A28)
where
F=0.8
h = 6 in, (thickness of PBCC)

t
Following the samc procedure outlined for Test Area 5,

7 in. (thickness of AC overlay)

Pg = 0.0172 x (2,300) x (7.4) x 0.95 = kKips (A29)

103. This implies a concrete flexural strength of 690 psi for an equiv-
alent thickness of PCC of 11 in. Following Lhe same procedure as outlined for
Test Areas 1 and 5, the followirg expression was ugsed for evaluating the rigid

pavements of Test Area 4.

R27
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PG = 0.0162 x (DSM) x (FL) x (TC) (A30)

where 0.0162 = 0.0172 (650/690) .

104. The AGAL for flexible pavements is computed using the evaluation
curves for flexible pavements for 13 aircraft groups. When using these
curves, Tt values were used for thickness (e.g., Tt = 31 in. for Tést
Area 2 and 14 in. for Test Area 3). The subgrade CBR values were those deter-
mined from the subgrade modulus E3 values found from interpretation of the
deflection bowls (i.e., CBR = 25 for Testu Area 2 and CBR = 15 for Test
Area 3). Based on these CBR design curves, no load limitations exit for the
13 aircraft groups at all pass intensity levels for Test Area 2.

105. The load limitations for Test Area 3 are based on the design
curves for each pass level, For example, the allowable gross load of aircraft
group 11 (DC-10-3)) and 3,000 passes is 430 kips.

106. In Test Area 3, the CBR of the subgrade associated with the DSM
method is 14. The CBR of the subgrade from E3 is 15, Because these two
values are similar, it is of interest to determine the AGAL for Test Area 3
using the DSM method as outlined. The AGAL is determined by the following
expression,

FK x (DSM) Nm

PG * % (AESWL) (%ESWL) X §G ™ 100 {431)

where

Fy = load factor depending on the number of wheels and the
" total aircraft coverages; Fg depends on the total

number of passes and on the pass-to-coverage ratio for
the aircraft

S = main gear load, percent

% ESWL = percent equivalent single-wheel load depends on equivalent
flexible pavement thickness the aireraft

Ny = number of controlling wheels for computing (percent
ESWL)

The following overlay thickness recommendations for each test area were
determined.
Areas 1 and 2

107. No upgrading is required for the rigid pavement of Test Area 1
(20-in. concrete) and the flexible pavement of Test Area 2 (15-in. base plus
11-in. AC) to accommodate the design traffic of the B-747 or the DC-10-30.

A28
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Area 3

108. The design subgrade CBR is 15, and the equivalent thickness
Ty = 14 in., Using the CBR curves, a total required flexible pavement
thickness of T, = 20 in. is determined for the B-Td47. In other words,
DTy = 20-14 = 6 in. of subbase. Based on an equivalency factor of 1 in. of
AC = 1.7 to 2.0 in. of subbase, an overlay of 3.5 in. of AC is recommended
for this aircraft. The actual overlay thickness will be based on the pavement
elevation profile and the minimum overlay should be 3.0 in. For the DC-10-30
aircraft, the total required flexible pavement thickness is 17 in. Therefore,

' a minimum 1.7% to 2.0 in. of AC is recommended.

Arez 4

109. The most economical overlay design is based on the flexible pave- g

‘.._", .

NOAE
ment analysis. The design subgrade CBR is 15. The existing 6.0 in. of PCC is ;}fﬁ{
AN
agsumed to be equivalent to 6.0 in, of high-quality base course. The equiv- ‘g

o e T
‘r‘ﬂ::lIJ: ‘

alent existing pavement thickness T 1is therefore T, = (6 base + 3 asphalt)
+ (7T -3) x 1.7 = 15.8 in, Using the CBR design curve, a total required flex-

P
ible pavement thickness of T, = 20 in. is determined for the B-TH7. There- RN

DY
fore, the recommended overlay thickness is (20.0 - 15.8)/(1.8) = 2.3 , say ng

W
-
<,
x

e
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2.5 in. Following this same design procedure for the DC-10-30 results in a

required AC overlay thickness of less than 1.5 in. In conclusion for Test vy
Area 4, 2-1/2 and 1-1/2 in. of AC are recommended for the B-7U7 and DC-10-3C, bﬁ$
VA
respectively. zéqﬁﬁ
Area 5 i

110. Based on the FAA design procedures for rigid pavements, the re-

OF e
P p
',j N

quired total thickness of the PCC for Test Area 5 is 13 in. and 12 in. for ;:n;z
the B-TU7 and DC-10, respectively. Because the existing pavement slabs are Eiﬁg
distress-free, the bonded or monolithic PCC overlay is recommended. In this Eﬁzﬂ
case, the required thickness of the PCC is 13 - 10.5 = 2.5 in, and 12 s
- 10.5 = 1.5 in. for the B-T4T and D-10-30, respectively. The joints in the N
overlay must be matched to thzjoints in the existing pavement by both location kﬁfﬁ
and type. ;%ég
111, Measurements of deflection bowls near joints were performed in ,:;1

Test Areas 1 and 5. The tests included: :;:ﬁ
a. Measurement of deflection bowls on the same side of the Joint :;E;

- where the load was applied. ;Eﬁ:

i
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b. Measurement of the deflection bowls on two sides of the f’.

joint. -'-:;'

)\\:.

The results are analyzed using the Westergaard theory, as summarized below. i’:-’-.
The load transfer efficiency of a joint is defined as t:.\'.
(L

e

23 -2'3 = (1 - §)(2e - 2') (432) G

‘where , E{{:
Z) = deflection of loaded slab at joint with j-efficiency e e t:“

2'j = deflection of adjacent slab e

j = joint efficiency >

Ze = deflection of loaded slab at joint with zero efficiency (free edge) f':;_

Z'e = deflection of adjacent slab with zero efficiency at joint :'.f-:_.\
When the load is applied on only one side of the joint, Z'e = 0. Therefore 2&3
toRt

S0

-1 - (2l=21 i

J = 1 ( ze (A33) ;:_:,“v:)

N

The free edge deflection Ze can be either measured wherever a free edge E:ﬁ
condition exists or computed using the approximate Westergaard formulas as ¥
follows. et
ows f-.‘ﬁ

-'_-'\.“

~ - gl

4 \.

ze - E¥2 + 1.2 IE - (0.76 + 0.4y) %] (A34) fctfc

\ Enk ' o

where (;.-,-
P = load 5_::1

u = Poisson's ratio of concrete r"v

E = modulus of elasticity of concrete e

h = slab thickness ""’%

k = subgrade modulus of reaction &:“

Y = distance of center of gravity of load edge N

Ta

- Eh3/[12(1 -uz)k] o

s

112. According to Westergaard, the deflections at the edge of a joint ;-::'.

with efficiency § can also be computed using these equations: ;\
AR (1 - 1J) Ze + 1 JZ' (A35) :_

2 2 :.._.ﬁ

_"::

A30 )
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2'J = 3 ) ze +(1 -3 J)Z‘e (436)

In the case of the load being applied on one side of the Joint Z'e = 0 , the
Joint efficiency can be computed using either the first or second equation.

y=2 e 2l (A37)
.o 2
y=253 , (A38)

-~ Dividing the equation for ZJ by the equation for Z'j gives

AN I
113. Two cases are dealt with for evaluating joint efficiency:

a. The deflection bowl is measured on one side of the joint o
where the load is applied. Equation A37 is used to compute ;:“
the joint efficiency. The free edge deflection 2Ze is ;:ﬂ
computed using Equation A3Y4 and material properties (h, k) y
derived from pavement evaluation (Hertz theory) of the center §I
load of the same slab. The deflection at the joint Zj is Pt
found from extrapolation of the measured deflections. :;!

: b. The deflection bowl is measured on both sides of the joint. s

. The joint efficiency can be computed using: y E

iy (1) Equation A33 which comes from the definition cf joint % \
‘ efficiency (Equation A1). (In this case, the free edge -~

) deflection Ze is computed using Equation A3 and mate- ‘ﬁl

! rial properties (h, k) derived from pavement evaluation 3&

., (Hertz theory) of the center load of the same slab.) gi

: (2) Equation A32 which comes from the approximate Equations f%:
‘e A35 and A36 (In this case, Ze is not needed). The ﬂk
deflections 2Zj and Z'J at the edge are found from ' q

{ extrapolation of the measured deflection. The main con- o
; clusion of the joint transfer analysis, both in Test ;i

Areas 1 and 5, is that the load-transfer efficiency of N

A, the joints may be taken as 0.5. ;Q
114. The following conclusions were made by Berger: K

LR i |
# a. The pavement profiler, the 16-kip vibrator, and the WES FWD R

': all nave satisfactory instrumentation for measuring both Qq
v applied force and resulting deflections. This was indicated r:

G by the almost identical deflection bowls for t.e 10.5-in. %t
! concrete pavement of Test Area 5 when normalized with respect ih
- to applied load. (
CR e
- i
2 .
c..: .'('
“ A31 -
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The coefficient of variation of the normalized deflections is
approximately 10 percent for each of the three NDT devices.

10

10

The shapes of the deflection bowls produced by the three NDT
devices are sufficiently close to those predicted by the Hogg
model, so that the model can be used in pavement evaluation,

J= %

Generally, good agreement was obtained between the moduli of
the pavement layers as computed by the various methods
outlined. The Hogg model can be used for determining the
subgrade modulus E3 and of the concrete Eq for rigid

pavements. For flexible pavments, E; , E, , and E3 can

be determined using the method of equivalent thicknesses,
- If E1 is known, E2 may be determined using the center

deflection and the Burmister two-layer model, when combined
Wwith the determination of E, wusing the Hogg model. Reason-
"able results were obtained using these metnods for analyzing
deflection bowls produced by all three NDT devices.

The three NDT devices gave similar layer moduli for PCC, AC,
and the subgrade. The moduli for the base course determined
from the deflection bowls produced by the FWD were signifi-
cantly lower than those obtained from analyzing the deflec-
tion bowls produced by either the pavement profiler or the
16-kip vibrator.

[t

o]

* A1l of the layer moduli values for the five test areas ob-
tained with the three NDT devices are reasonable,

ARE, Inc., (1983)

115. The data gathered for this project included physical property data
or construction history data on the five pavement sections, traffic data as
furnished by the sponsor, and NDT data acquired on location at MacDill AFB,

116. The only actual tests made on location at MacDill AFB were the NDT
deflection tests. These tests were performed using a Dynaflect which is a
rapid mobile NDT machine availabhle since the early 1960's. The data include
deflection readings for each of the five sensors which are part of the stan-
dard Dynaflect apparatus, sensor 1 being midway between the load test wheels
and the other four sensors being spaced 1 ft apart on a radius from the center
between the two load wheels. The test pcints were located for each of the
five test areas using a grid pattern on the apron areas, and on the taxiways
test points were located on each side of the center line on flexible pave-
ments. On the rigid pavements, tests were performed at transverse joints and
in the center of the same slab on which the test was done at the joint.

117. The numerical computation of elastic properties for each of the

A32
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five pavement cross sections includes the stress-strain analysis and the
prediction of critical aircraft.

118. Normally, the first step in the analysis is a visual and graphical
evaluation of the NDT deflection data, a process used to delineate different
areas of pavement response to load. However, because these pavement areas
were designated and are only approximately 1,000 ft in length, the technique
of dividing pavement into various response sections was bypassed. For each
be the areas, various'statistical parameters were computed for further use in

the analysis. The mean standard deviation and coefficient of variation were
computed for each of the data groupings. The mean values of the deflections
‘at all five sensors are the most important data elements that are used in the

!

development of the materials properties for each of the five cross sections,

A
NN

¥
119. The next step in the analysis was to analytically characterize the 3N
elastic materials properties for each of the major layers in each of the five Eﬁgﬁ
pavement cross sections. This is accomplished using a computer program called ﬁﬁ&
BASFIT. BASFIT is a deflection basin fitting program that prediets deflection S)Jﬁ
values under a known load and loading conditions using the cross-section geom- ;%:?
etry furnished by the sponsor, which included known layer thicknesses together 2%:;
with construction history and word description of the materials. Approximate ;ESE
values of Poission's ratio were assigned along with approximate values of ;-:v
elastic moduli as the initial input to the program BASFIT. The program pre- ;;ii
dicts the deflection basin response. Moduli are adjusted until the predicted %S;:
basin sufficiently accurately simulates the measured basin using whatever fﬁ?
field testing device is specified. In the case of this application the ;%ﬁ
Dynaflect loading was used. This process is an iterative one and is general- ;:?
ized; i1.e., it is not unique to any particular type of NDT load but could be f;i
used with any one that can be adequately described in terms of load and ;E;
geometry. ‘ ;!ﬁ
120, Normally, the ARE design procedure takes into account the rela- n

tive load magnitude of the NDT apparatus and the larger magnitude of actual ;ﬂi
aircraft load., As for clay orlfine~grained soils, it is believed and has ggs
been shown from extensive lahoratory work that as the loads increase, the xj:
elastic moduli decrease. However, the subgrade materials that prevail on all f:f
five sections at MacDill AFB are classified as sands, thus indicating that ;ﬁ
there would be no slress sensitivity characteristics associated with the :::
subgrade soils. For this reason, further adjustments to the elastic :&
-‘ ‘)'-.

:i:

A33 )




properties determined in the deflection basin fitting through the use of a
BASFIT program need not be made.
121. Pavement evaluation computations were next accomplished using a
series of computer programs referred to as ELSYM-5 and AIRPQOD. ELSYM-5 is a
 five-layer elastic-layered analysis program publicly available, and AIRPOD is
a first-generation airport pavement overlay design procedure in the form of a

computer program developed in the late 1970's by ARE for use on civil airport

evaluation and runway design projects. This program liquise is based on S Eﬁgﬁ
elastic-layered theory and uses fatigue criteria for the assessment of pave- = o
ment damage and the remaining life under specified traffic circumstances, E?Sﬁg
ELSYM-5 and AIRPOD have been used on many past projects. A brief description AN,

T
[}

of the pavement life analysis built into the A1RPOD program follows.

122. The present amcunt of life remaining in the pavement and the

R
x‘i-;f:'?

projected future life are determined with the computer program AIRPOD. The

} .

I'
program determines the allowable number of aircraft operations for the pave- At
ment using the following fatigue equations. ;:Sx

o\P Ay
= = Wt
v =a(f) (a40) v
or ;(":'?!
1d :.i_:;::
N=oe (;) (a41) N
where odR
N =z number of aircraft loads until failure (fatigue life) t§:ﬁ
f = concrete flexural strength, psi ;:ﬂg
o = computfed stress due to aircraft load on rigid pavement, fﬁ?;
psi ?’:'_-: -::‘
¢ = computed strain due to aircraft load on flexible pavement, %ﬂ%j
psi o

a, b, ¢, d = constants e
123. The program AIRPOD computes the stress and strain in the pavement T
using an elastic-layered theory subroutine. This computation requires the ﬁﬁﬁﬂ
aircraft load and materials property inputs previously discussed. The number %3?5
of aircraft passes until failure is determined for each individual aircraft. N
i
124, The percentage of life remaining in the pavement is computed using ;34'

an equation of the following form, ;-
MY
;‘\.\- (o

A34
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Lo = 100 -(23) . 100 | (A42)

s

where

(%54 "
h ,

NN

fatigue life remaining in the pavement

[
=)
M

=
]

airecraft operations to date for an individual aircraft

allowable number of aircraft loads until failure of an individual
aircraft

N

"

125. The program computes the amount of damage contributed by each air-
-craft n/N and then sums these damage ratios to determine the total damage
from which the remaining life is calculated. The remaining life can be deter-
~mined for any point in time by inputting the appropriate number of aircraft
operations for each aireraft n wup to that point in time. By computing the
remaining life at various points in time, the estimated end of the pavement's
useful fatigue life can be determined by projecting the relationship of re-

maining life to time.

126. To accomplish the pavement life analysis for those pavements with K
PCC layers, a concrete flexural strength was estimated. Based on engineering ::é
judgment and some of the generalized relationships available, it was deter- : ﬁ%ﬁ
mined that the concrete flexural strength for Test Area 1 on Taxiway 33 was g@ﬁ

650 psi, Test Area 4 on Apron 1-A-1 was 700 psi, and Test Area 5 on Apron 1-A

'J‘;‘.
2 il

was 600 psi. L
ﬁ 127. Using the stress and strain information previously computed and ?E§
i documented, the allowable number of aircraft loads was computed for each of [{%
L the pavement areas. These allowable traffic levels together with the four ;55
. pass intensity levels of traffic for each of the five pavement sections al- ﬁgf
; lowed the computation of the remaining life in each of the five pavments at ;5:
b each of the four pass intensity levels of aircraft traffic; allowable loads ééf
f for the 13 aircrafts groups were then computed for each of the four pass tﬁg
N intensity levels. P
Iy 128. The computer program AIRPOD designs overlay thicknesses for either k?:
g AC or PCC pavements using the same concepts as for the pavement life analysis, Sif
i The materials inputs are the same as those determined for the remaining life ;tﬂ
ﬂ analysis, except that properties of the prouposed overlay material must be ?ﬁ
g added as imputs. The traffic imput must include the projected number of &é
- future 1oads of each aircraft type. The program considers the amount of life 53

remaining in the existing pavement when computing the overlay thickness. ﬁ!




AFESC (1982)

129, The Air Force system uses an impulse load applied to the pavement
surface. Analysis of collected time-domain accelerometer data by discrete
Fourier transform techniques provides the phase angle/frequency information
needed for pavement evaluation. Knowing the frequency f and phase angle ¢
a velocity versus wave length dispersion curve can be developed from the

relationships.
T = ———320d (Al3)
‘and
v = fa (a4u)
where
d = accelerometer spacing
8 = phase angle
v = phase velocity
f = frequency
A = wavelength

130. Interpretation of the dispersion curves must be made by the operator
to determine velocity values to be used for each layer in the pavement. These
velocity values are used with known or assumed material densities y and
Poissun's ratio v to determine the elastic moduli of the material layers.

The shear modulus G 1is calculated from

T
G = Ve (g) (Al5)
where
G = shear modulus
s ° shear wave velocity
Vg = (Vr/a)
V. = Rayleigh wave velocity
a = varies from 0.875 for Poisson's ratio of 0.0 to 0.955 for Poisson's
ratio of 0.5
y = unit weight of materials
A36
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g = acceleration constant
E = Young's modulus is computed from: E = 2(1 + v)G
v = Poisson's ratio (assumed)

Corrections are required in the shear wave velocity of subsurface layers to
account for variations in the pavement surface. The following general rela-

tionship is used for any layer.
V.=, /SB | (Al6)
Y
131. Specifically, for layer 2 (base course), the shear wave velocity
from the dispersion curve is

Vé s —_— (a47)

However, to correct for the velocity increase as the wave is propagated into

the surface the following expression is used,

v.oayfe 2 (A48)
= ta-
S; VG 2 s, e
ot
RS
where j;
VS = actual shear wave velocity in the base course $?$
2 o
G1 = shear modulus for the surface layer IQF,
' ,.:':.
02 = shear modulus for the base course using Vé P
2 e
Vé = shear wave in the base course "-~om the uncorrected dispersion {}f
2 curve
t.";'y
132. The procedure used is to first calculate shear medulus G for the g;;
surface layer and then to caleculate G for subsurface layers using the uncor- 3&1
v,
rected shear wave velocity. After shear wave velocities are corrected, then o
they are used to calculate shear modulus G and Young's modulus E values ;?f
for each layer. These values are then used in the computer analysis. ;Q_
._'\_-
133. The primary component of the Air Force nondestruc.ive pavement }Q'
[
avaluation system is the field equipment that collects da'a pertinent to the 3?3.
strength of the materials composing the pavemeni system., The field cquipment _.
o
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used by the Air Force is contained in a 1978 Ford parcel delivery van with a &&il
e
ustom-engineered cargo area to meet air-transportability requirements, so tf:$
important to the air Force for rapid deployment capability. The total vehicle N

1

£r:y

weight for field deployment is approximately 11,000 lb. The vehicle is equip-

-
‘w

ped with an aircraft radio for direct communication with the airfield tower
and sarety beacons which make 1t highly visible from the air and ground while
operating on the airfield. '

134. Contained in the rear of the vehicle is a hydraulically operated
impact hammer which provides the impulse energy required to obtain pavement
respense information through a series of pavement-mounted accelerometers,
‘Operation of the system is by a programmable controllier with manual override
capability. Hammer weights can be varied from 100 to 500 1lb by manual addi-
tion of weight to the hammer. The drop height can be varied from 0 to 36 in,
The assembly is equipped with grippers that 1ift the hammer, release it, and
then catch the hammer after the first impact to prevent the hammer from strik-
ing the pavement more than once.

135. Various types of impaect plates are employed to enhance the signal

frequency content, Typically, an aluminum plate is used. The impact plate is :
equipped with a switen which provides information for hydraulic control of the ,i
grippers and for triggering the data recording equipment, Ejj
136. Up to eight accelerometers are mcunted to the pavement on 1/4-in.- iif-
N

diam steel studs 1/U4 in, long. A quick-setting epoxy cement is used to attach

M G

the mounting studs to the pavement, The accelerometers are then screwed into

the studs. Spacing between the accelerometers varies as to pavement type and :Qigﬁ
thickness and requires some operating experience. The mounting operation can :;:;i
be completed in less than 20 min. 2¥§:1

137. Each accelerometer is hooked up to a power supply and data acqui- ff:f:
sition equipment. The data acquisition equipment located in the front portion ;ﬁ%:f

of the cargo area of the vehicle consists of an HP-9845B desktop computer with
CHT ¢.splay, hard cony printer, and 500-kilobyte memory. Data collected
througn an HP-6942 multiprogrammmer is transferrec to the computer for anal-

ysis and stored on an HP-9895 floppy disk. 2
138. In-line filters can be put into the data acquisition system and ;ngj

are designed as gate-type iow-nass filters to remove unwanted signals. Fil- :?i:?
W

ters available to tne operator are, 1,000, 2,000, and 5,000 Hz. LAl
139. The computer is primarily used to compute Fast Fourier Transform ?Efa

A
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(FFT) for phase angle versus frequency and wave velocity versus wavelength
(dispersion) plots immeciately after the data are obtained. The operator must
then decide whether or not the data are acceptable for storage on flexible
disks. If they are not, then additional data are collect¢ and analyzed as a
separate event or are averaged with previously collected data. When suffi-

- clent data are collected for interpretation of the dispersion curve (based on
operator experience), the data are stored on a flexible disk and a hard copy
 made. ' T D '
140, 1t is from this hard copy that the operator selects the velosity
values that will ultimately be used in the computer analysis for the load-

“carrying capability of the pavement. The computer analysis on a main-frame K

computer uses the Air Force-developed PREDICT code.

141, The PREDICT computer code is the second component of the Air Force
nondestructive pavement evaluation system. The code uses the field data from
the Nondestructive Pavement Testing (NDPT) van, the elastic moduili determined
from the field velocity values, to calculate the stresses and strains produced
in the pavement as a result of an aircraft wheel load. Stresses and strains
are critical locations in)che pavement and are compared with fatigue algo-
rithms for the materia s to predict the number of cycles to failure for the
particular aircraft.

142, The input data required by the PREDICY code are:

Type of aircraft for analysis

Channelized or nonchannelized traffic analysis
Number of material layers composing the pavement
Aircraft wheel load and tire pressure

2 o (o 1

Concrete split tensile strength

i+ @

For each materijal layer:
(1) Thickness

(2) Elastic modulus

(3) Poisson's ratio

(4) Soil type

(5) Void ratio

(6) Degree of saturation
(7) Plasticity index

143, The alrcraft must be specified and selected from the aircraft
(o]

available in the computer code aircraft iibrary. The aircraft presently in
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the library are the A-10, F-4, F-15, F-16, F-105, F-111, FB-111A, T-38, T-43, 5;-1
B-1, B-52, B-TAT, C-5, C-94, C-130, C-141, KC-97, and KC-135. o
144, The selection of a channelized or nonchannelized traffic analysis gbigr
will depend on the location of the pavement cn the airfield. uUifferent values ;ﬁeﬁ:-
of a pass-to-coverage ratio are used for the channelized versus nonchannelized t; ~ ]
sections. :j -3
145, The number of layers composing the pavement must be determined SAA_L'
from the as-built drawings or previously obtained destructive testing v
reports. However, some instances will occur when the NDT data from the dis- 7 :3:?
persion curves may indicate a different number of material layers than the ;-
reports. An example of this may be a concrete pavement over a subgrade 5&2:.

.

s0il, Destructive tests indicate a two-layer system, but NDT may inaicate a

Pt N
N

third layer that would be a compacted subgrade layer just beneath the concrete

Yy
surface layer. h}
146. Concrete split tensile data are obtained from destructive frest Q$:

results, This material property is used in the evaluation process to deter-

Pl gl &
.

mine the modulus of rupture of the concrete. The equation is given as %;.
MR = %.02T + 210.5 (A49) i
e
where 32*'
MR = modulus of rupture, psi ;-.
T = split tensile strength, psi :jﬁﬁ
Calculated tensile stresses at the bottom of the concrete are converted to a T

percentage of the modulus of rupture and compared to a fatigue algorithm to
predict the number of cycies.

147, Material layer thickness, soil type, vold ratio, degree of satura- Yl
tion, and plasticity index can be obtained with some minor caleulaticns from
the destructive testing reports. Poisson's ratio must be selected as a repre-

sentative value for the specific material.

148, The elastic modulus for each matveri.l layer, as stated earlier, is ?
calculated from the dispersion curves developed in the NDT van, ;'

149, The output of the PREDICT code has been minimized to provide an i_
analysis summary for each pavement section input. The output specifiss the ?&h
number of operations for the concrete or AC surface course and the subgrade bﬁf*

material. The number of operations were calculated from the predicted tensile Ty,

AlO e
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select permissible aircraft welghts at the operation or pass intensity levels
'chorresponding with levels I tnrough IV, as specified in Headquarters, Depart-
ment of the Air Foree (1981)., ST T e e e 0

S A v e e e o

stress or strain in the surface layer and the subgrade compressive strain,
150. To prepare an allowable gross load table in the format shown in
Headquarters, Department of the Air Force (1981), a minimum of three runs of
the PREDICT code must be made for each airfield feature and each aircraft
evaluated, varying the weights of that aircraft. These varying weights are
then plotted versus their respective number of allowable operations, as
determined by the code. The curve formed by these points is then used to

WES_DSM Method (Hall and Alexander 1983)

151. The evaluation method for the DSM procedure is based on correla-
tions between the nondestructive LSM measurements and the computed ASWL as
determined on a number of inservice airfield pavements representing a range
of pavement types and conditions. DSM is a ratio of dynamic load over deflec-
tion obtained with the WES 16-kip vibrator (Hall 1978). The ASWL's were com-
puted from existing Corps of Engineers pavement design procedures, using in
place pavement strength measurements determined through test pits and direct
3ampling procedures,

152. The WES 16-kip vibrator is an electrohydraulic steady-state vibra-
tory loading system. The unit is contained in a 36-ft semitrailer along with
supporting power supplies and automatic data recording equipment. A 16,000-1bL
preload is applied to the pavement with a superimposed dynamic load ranging up
to 30,000 1b peak-to-peak. The dynamic load can be applied over a frequency
range of 5 to 100 Hz, but the standard test frequency is 15 Hz. The dynamic
load is measured with a set of three load cells mounted on an 18-in. diam load
plate. Velocity transducers which are located on the load plate and at points
away from the plate are callbrated to measure e¢lastic deflection. Test re-
sults are recorded on X-Y plotters and a diglital printer.

153, Data collected with the WES 16~-kip vibrator are the D3M and deflec-
tion basins, DSM is obtained from the slope (load/deflection) of the dynamic
load versus deflection data obtained by sweeping the force to maximum at a
constant frequency of 15 Hz. This slope is taken at the higher force levels,

Deflection basins are obtained by measuring detlections at dislances of
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18, 36, and 60 in, away from the center of the load plate. The deflection Egﬂj
ratio A60/A18 is used to determine the radius of relative stiffness & for EE;:
rigid pavements. :;:2
154. The conventional theory used to evaluate military airfield‘flexible FYHE
pavements is based on a determination of strength parameters, such as the CBR, $S£3
moisture, density, classification of materials, and other values, using ecrite- Eﬁ%ﬁ
ria developed from performance studies. To use the proven performance of the géﬁ;

- conventional methodology, the nondestructive quantity of the DSM was directly ;‘gr
correlated (Green and Hall 1975) to the ASWL, as determined from the standard ~§§§E
evaluation procedure based on test-pit measurements. The measured DSM for :fg‘

- -flexible pavements is corrected to a commom pavement temperature of 70° F, ,33@2
because deflection measurements on AC are sensitive to temperature. A é}i@
method adopted from the Asphalt Institute (1969) is used to determined the ?;zﬁ
median temperature of the AC layer. This procedure uses the pavement surface ﬁa§
temperature at the time of the test plus the previous 5-day air temperatures. bﬁL:

This median pavement temperature is then used with relationships developed by

-

&

l. \' \‘
s da

1
o

WES to correct the measured DSM to 70° F, The temperature-corrected DSM
values are used to determine the ASWL using the correlations developed. The

-~ .\,.,.Tr‘. v .
\ .
i

l'm.l

.
C Y

.
% h
Vielatal,

ASWL is then converted to AGAL on any desired aircraft at any level of opera-

tions (passes) using existing analytical relationships found in the CBR ;h;%
procedure (Headquarters, Departments of the Navy, Army, and Air Force 1978). ;iji
Overlay thickness requirements for aircraft loads greater than the existing S;i:
capacity of the pavement can be determined from similar analysis. Once the ZZE;
allowable load is determined, an effective subgrade CBR can be computed. This RE3
CBR along with the existing pavement thickness (thickness from existing rec- ﬁ;ﬁ:
ords or core borings) can be used with CBR procedure to compute AC overlay *?ﬁg
tnickness. PCC overlays for use over flexible pavements cannot be determined ;5’_
with this evaluation. N

.r:\.-

155. The methodology for NDT evaluation of rigid pavements using the

e
-
L

DSM methced uses a correlation between the DSM measured at the slab center to

‘T.‘l L |
?ﬁ&iﬁ

LY

| gy

the ASWL as determined from standard evaluation procedure based on test-pit

measurements, This standard procedure for rigid pavements is based on the 7 -
Westergaard analysis using material properties such as thickness, subgrade }ZJ
S

modulus, and flexural strength (Headquarters, Departments of the Army and Air ;{;
Force 1973). ;}fj
156, To determine the allowable loading for aircraft having gears with "

e

N

g

A42 .




different geometries, relationships between the loads of these aircraft and
the ASWL are used. These relationships are based upon the equivalency cf
maximum bending stress in the concrete slab. The radius of relative stiffness
% is used to interrelate the ASWL to the wheel loads of different geometries
through a ratio of the AGAL to the ASWL.

157. The radius of relative stiffness & of a rigid pavement is ob-
tained through deflection basin measurements. A correlation between &
determined from nondestructive deflection basin data and ¢ determined by the

“~Westergaard theory gives the relationship between a ratio of deflections mea-
sured at points 18 and 60 in. from the center of the load plate as a function
-of %,

158. The effects of stress repetition levels (aircraft passes) on the

AGAL are considered by the use of traffic factors. The traffic factors are a

A
Py

" ‘!.{

function of the aircraft gear geometry, the lateral distribution of aircraft
traffic on the pavement being evaluated, and the traffic volume and are inde-
pendent of the pavement structure. The AGAL for a specified number of air-
craft passes is computed from the equation (Hall 1978)

A7

S e SRS
l‘ .'_l. l. .I..'l 'r ‘
. < 4 Il' !’ Ly

Po = 0.0189(DSM)(FL)(TC) (8%0)
3
where S
}%
F, = load factor 1
Tc = traffic factor §:
159. Overlays of PCC or AC to strengthen existing PCC pavements are ;
determined from overlay equations from the Corps of Engineers conventional f
procedure (Headquarters, Departments of the Army and Air Force 1979). These 7
Y

overlay equations consider the condition of the existing slabs, the antiei-

. :"4:..(
' 'S

) pated degree of cracking to occur in the existing slab, and the structural o
requirements. ;”
160. The procedure for evaluation of composite pavements is to convert 5;4

7

AC overlay and PCC slab to an equivalent thickness of PCC and use the proce-

dure for plain rigid pavement substituting the following equation for the : ﬂ

L) ‘-l

AGAL: Py = 0.0172(DSM)(F)(T,) . The radius of relative stiffness & for N

O

a composite pavement cannot be determined from reflection basin measurements, :ﬁ:

The subgrade modulus k can be estimated from the subgrade soil classifi- 32

. cation, and & can be computed from the Westergaard analysis. _q
.:- l.:-'.
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161. Overlays for composite pavements are determined in a manner simi-
lar that for rigid pavements except an equivalent slab concept is used for the
composite section.

WES Layered-Elastic Method (Holl and Alexander 1983)

162. The layered-elastic methodology was developed under FAA-sponsored
research {Bush 1980b) and was initially developed for light aircraft pave-

l ments. It has also been found applicable to heavy aircraft pavements 7
(Alexander 1982). The general approach is to use a linear layered-elastic
model with measured deflection basins to predict in situ modulus values for

a one- to four-layer pavement system. Different NDT loadings are used to de-
seribe the nonlinear, stress-dependent modulus of the subgrade. Allowable
aircraft loads and overlay thicknesses are determined using limited tensile
strain at the bottom of the asphalt layer and vertical compressive strain at
the top of the subgrade for flexible pavements. For rigid pavements, a limit-
ing tensile stress at the bottom of the PCC layer is used.

163. The layered-elastic procedure was demonstrated with data from both
the WES 16-kip vibrator (previously described) and a FWD. The FWD used by WES
is a Dynatest Model 8000 (15 kip). A dynamic force is applied to the pavement
surface by dropping a 440-1b weight onto a set of rubber cushions, resulting
in an impulse loading. The applied force and pavement deflections are mea-
sured with load cells and velocity transducers. The drop height can be varied
from 0 to 15.7 in. to produce an impact force from O to 15,000 1lb. The load
is transmitted to the pavement through an 11.8-in.-diam plate. The signal-
conditioning equipment displays the resulting pressure in kilopascals and the
maximum peak displacement in micrometres. As many as three displacement
serisors may be recorded at one time by this data acquisition equipment.

164, FWD data collected were deflectior basin measurements. Displace-
ments were measured on the load plate and at distances of 12, 24, 26, and
48 in. away from the center of the load plate. Since this particular model
has only two transducers for deflection basin measurement, the four deflection
points were obtained by dropping the weight twice at each location and shift-
ing the transducers to the additional spacings.

165. The computer program BISDEF was developed at WES to determine mod-
ulus values for pavement layers. BISDEF uses the Shell BISAR (Headquarters,
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Department of the Army and Air Force 1979) multilayered linear elastic pro-
gram. In this procedure, the thicknesses of the layers are determined from
historical data or from cores. Poisson's ratios are assumed and a rigid
boundary is placed at a depth of 20 ft. Initial modulus values are assumed
for each layer as well as an upper and lower limit for the modulus. The
layered-elastic program is used to calculate a deflection basin produced by
the loading of the NDT device. The calculated basin is compared to the
measured basin, If the basins do not agree, the modulus values are changed
.hrough an iterative procedure until a set of modulus values is determined,
producing a basin from the layered-elastic theory that matches the basin mea-
sured with the NDT device. A match is considered adequate when the sum of the
absolute values of the differences in the measured and calculated deflections
is less than 10 percent. Hence, the average difference for each deflection is
less than plus or minus 2.5 percent. For this study, a modulus value of
250,000 psi was assigned to the asphalt layers to account for seasonally
higher temperatures than were encountered during the test period. ’Eﬂ
166. Allowable load-carrying capacities and required overlay thick- b
nesses were evaluated using the WES-developed computer program AIRPAV. For a :

Cy
D

2.
.

particular aircraft (gear configuration, load, pass intensity level, ete.),

AIRPAV uses the modulus values determined from BISDEF and the BISAR program to ﬂﬁ%

compute stresses (for rigid pavement) and strains (for flexible pavemeni) that ;:ﬁj

will occur in the pavement system. AIRPAV then calculates the limiting stress E{a

‘ or strain values based on present Corps of Engineers design and evaluation ;33
criteria. The allowable load for the aireraft is determined by comparing the ..7!
predicted stress or strain to the limiting value. :;:;

. 167. The evaluation of rigid pavements is based on the tensile stress :iﬁf
2 at the bottom of the slab which is determined as follows. S
. .. 4
e

AL * R ¥ B (LgGm cov) (A51) w
where !:‘

- = PCC flexural strength g
N = 0.58901 N
N - 0.35486 1:}}
< COV = aircraft coverages §é
The horizontal tensile strain at the bottom of the AC and the vertical (




st TR R T

subgrade strain are both considered in the evaluation of flexible pavements.
The allowable AC strain criteria used is as follows (Heukelom and Klomp 1962):

-4
€ = 10 .
All(AC) (a52)

E
where AC
7 ) N +2.665<LOG10 ﬁ)-ﬂ- 0.392

5.0
= LOG,, (aireraft coverages)

=
!

= AC modulus

2}
b =g
O

1

-The allowable subgrade strains are computed using the following.

B
N = 10,000 E‘——A—'

Al

(A53)
lsubg

where

=
i

repetitions
0.000247 + 0.000245 log E
0.0658 (E )0-559

subgrade

subgrade

168. For overlay computations, the required pavement thicknesses are
computed by increasing the thickness of the upper layer until the stress or
strain criteria are satisfied. AIRPAV accepts as input an initial thickness
and uses an iterative procedure to close in on the actual thickness needed to
support the aireraft under consideration. AC overlays on AC pavements are
simply the difference vetween the required thickness and the existing AC
thickness. Overlays were computed for the PCC pavements using the following.

AC overlay = 2.5 (Fhy- C h) (A54)
2 2
PCC (partially bonded) ="hd = Ch (A55)

1.4

PCC unbonded = "“,j;d1'“ - Ch (A56)

r
where

F = factor projecting the cracking that may be expected in
existing PCC pavements
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required thickness of PCC, in.

D_:J'
"

condition factor of existing pavement, ranges between 0,75
and 1.00

h = thickness of existing PCC pavement, in.

O
o
"

C. = condition factor of existing pavement, ranges between 0.35
and 1.00

WES Evaluation of Load Transfer

'169. The ability of joints in PCC slabs to transfer load is measured
with the NDT device. The ratio of deflections measured on each side of the
joint (deflection of unloaded slab/deflection of loaded slab) is related to
joint efficiency or load transfer., The allowable loads determined at the slab
centers can be reduced for poor joint transfer using load-reduction factors.
These factors are a function of the deflection ratio.

170. This procedure was developed by first relating the deflection
ratios to the percent edge stress. The maximum edge stress condition is a
free edge with no load transfer. The edge stress is reduced as more load is
transferred across the joint. The design use by the Air Force assumes
75-percent-maximum edge stress (25 percent is carried by adjacent slab). Com-
putations were made with both the ILLISLAB program (Tabatabie and Barenberg
1979) and the WESLIQUID (Chou 1981) (both are finite element programs) for a
range of pavement thicknesses and subgrade moduli k . By computing the
allowable percent of design load at different deflection ratios, a relation-
ship was developed between the deflection ratio and load-reduction factors.
The procedure provided for reducing the allowable load determined at the slab
center to account for the load-transfer capabilities at the Joint. The load-
reduction factor falls between 0.75 and 1.00,
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This appendix contains test data collected on the five test area pave-
ments at MacDill AFB during the period 27 October-3 November 1982. The data
presented herein were furnished by the following participants using the NDT
equipment indicated:

Participant NDT Equipment
Pavement Consultancy Services, Inc PCS Falling Weight Deflectometer
' , (FWD)
~ ARE, Inc. ' ’ ARE Dynaflect
Dynatest Consulting, Inc.  Dynatest Model 8000 FWD
ERES Dynatest Model 8000 FWD
~ Louis Berger International, Inc - Berger Model 2000 Pavement Profiler
Reinard W. Brandley Dynatest Model 800C FWD

Brandley Cantilever Beam

Waterways Experiment Station WES 16-kip Vibrator
WES 15-kip FWD (Dynatest)
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TEST DATA FROM PAVEMENT CONSULTANCY
SERVICES, INC.
Data Collected with PCS Falling

Weight Deflectometer
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MACDILL AIR FORCE BASE
DYNAFLECT MEASUREMENTS

LOCATION : TAMPA, FL. PROJECT NO: AF-8
PAVEMENT ID : TAXIWAY 33, AREA 1 CLIENT : U.S. AIR FORCE
DATE : 10/82
RDG STATION DYNAFLECT READINGS TEMP, TIME I/E C/M
NO #1 £2 #3 $4 #5
1 0.00 .470 420 340 .310 $252 0. 1115 11
5 1.00 .330 2300 .237 2213 .186 0. 1 1
9 2.00 .330 2300 <240 .213 .180 C. 1 1
13 3.00 .340 .300 .258 .222 .198 0. 1135 11
17 4,00 .390 .360 .320 .267 .234 0. 101 5
21 5.00 310 .270 .234 .206  .183 0. 11 LN
25 6.00  .267 .240 .210 174 .156 0. 1149 11 ;,?q;
» ‘"“-,. :
MEAR - .348 .313 .263 .229 .198 g
STD.DEV = .065 .060 .048 .045 .033 X

4
Ty
5 .

wla b
e

COEF.VAR= 18.676 19.064 18.424 19.704 16.800
¥OF PTS = 7

(SRS
(R
I\

4

LS

et
W
1

2 W12 147 147 .138 .126 .126 0. 12
6 1.12 .162 162 .153 .141 .135 0. 1 2
10 2.12 .150 .150 .141 .126 .126 0. 12
14 3.12 .162 .162 .159 .150 L141 0. 12
18 4.12 .189 .189 .186 171 .165 0. 1 2
22 5.12 .159 .159 .150 .141 .132 0. 1 2
26 6.12 .138 .138 .129 123 14 C. 1 2
YELN = .158 .158 .151 .140 .134
CTDLDEV = .016 .016 .018 017 016
COEF.VAR= 10.257 10.257 12,243 12.201 11.954
§OF PIS = 7
K .50 .390 340 .300 .225 .207 0. 2 1
7 1.50 .330 .300 .231 .204 .180 0. 1127 2 1
1 2.50 .300 .255 .222 .186 JA71 0, 2 1
15 2.50 .390 .360 .310 .240 .219 0. 2 1
19 4.50 .400 .370 .330 .261 .249 0. 2 1
25 5.50 .243 213 .192 .158 B YAA 0. 2 1
27 6.50 2310 L264 .219 .1g9 .159 0. 2 1
VELN = .338 .300 .258 .209 .190 ... e
STD DEV = .059 .059 L0564 .035 .037 Sy
COEF.VAR= 17.344 1%.697 20.988 16.763 19.411 NG
'-{'\‘- '-j
s
‘1_‘,’_:1
e,
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N
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MACDILL AIR FORCE BASE
DYNAFLECT MEASUREMENTS
LOCATION  : TAMPA, FL, PROJECT NO: AF-8
PAVEMENT ID ; TAXIWAY 33, AREA 1 CLIENT  : U.S. AIR FORCE
DATE : 10/82
RDS  STATION DYNAFLECT READINGS TEMP. TIME I/E C/M
O #1 #2 #3 4 45
4 .62 162 .15 153 .44 135 0. 2 2
8 1.62 450 .150  L.138  .132 .126 0. 2 2
12 2.62 A5 .15 L153 L4l 132 0 2 2
16 3.62 168 168,162  .153 147 0, 2 2
20 4.62 192 .192  .186  .177  .168 0. 2 2
24 5.62 JA35 135 132 17 .1l 0. 2 2
28 6 .52 J150  .150  Li4l 0 L1320 123 0. 2 2
MEAW = .159  .158  .152  .l142 135
STD.DEV =  .018  .018  .018  .019  .0i8

COEF.VAR= 11.268 11.314 11.924 13,382 13.708
¥OF PTS = 7
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MACDILL AIR FORCE BASE
DYNAFLECT MEASUREMENTS

LOCATION : TAMPA, FL. PROJECT NO: AF-8
PAVEMENT s+ TAXIWAY 3B, AREA 2 CLIENT : U.S. AIR FORCE
DATE : 10/82
RDG STATION DYNAFLECT READIRNRGS TEMP, TIME 1/E C/M
NO ¢l $2 43 ¢4 #5
| 0.00 400 .350 e255 2231 177 0. 259 3
3 -1.00 380 .320 ~228 .186 159 0. 3
5 2,00 440 .360 .249 198 168 0. 3
7 '3.00 410 -.350 .237 .189 .150 0. 3
9 4.00 360 .310 .219 177 JdaG 0. 313 3
11 5.00 «340 .264 .186 .156 .129 0. 3
13 - 6,00 380 .340 225 .198 .168 0. 3
5 7.00 480 400 320 234 .198 0. 321 3
MEAN = 400 .337 «240 .196 .162
STD.DEV = 044 .040 039 .026 .021
COEF.VAR= 11.100 11.874 16.100 13.334 13.14l
#QF PTS = 8
2 .50 440 .390 .310 .231 .20} 0. 4
4 1.50 430 .380 .300 231 .192 0. 306 4
6 2.50 450 <400 310 222 183 0. 4
8 3.50 ,420 360 +249 .186 .153 0. 4
10 4,50 +400 350 249 195 .162 0. 4
12 5.50 .370 330 «240 .189 .15 0. 4
14 6.50 460 410 300 237 201 0. 4
MEAR = LAa24 374 .280 .213 .178
STD.DEV = .031 .029 .032 .022 021
COEF.VAR= 7.310 7.691 11,419 10.382 11.773
$0F PIs = 7
16 .84 ,400 .350 «255 «207 177 0. 5
HMEAN = 400 .350 .255 .207 177

STD.DEV = 0.000 0.000 0.000 0.000 0.000
COEF.VAR= 0,000 0.000 0.000 0.000 0.000
#OF PIS = 1
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MACDILL AIR FORCE BASE
DYNAFLECT MEASUREMENTS

LOCATION TAMPA, FL. PROJECT NO: AF-8
PAVEMENT ID : TAXIWAY 3, AREA 3 CLIENT : U.S. AIR FORCE
DATE : 10/82
RDG STATION DYNAFLECT READINGS TEMP, TIME 1I/E C/M
NO #1 $#2 £3 #4 {5
1 0.00 .790 .570 .360 .237 .180 0. 401 3
3 1.00 .799 .590 <400 .300 .219 0. 3
5 2.00 .800 .570 370 .243 .216 0. 3
7 3.00 .810 .590 390 .264 .201 0. 3
9 4,00 .990 670 410 .270 .201 0. 3
11 5.00 .960 .630 .390 .267 .201 0. 3
13 6.00 .990 .670 440 .258 .228 0. 417 3
15 7.00 .900 600 .390 .246 .210 0. 3
17 8.00 .800 .600 .380 .258 .201 0. 3
19 9.00 .800 .600 .370 .z 0 .195 0. 3
21 10.00 .830 .600 .400 .300 .210 0. 3
MEAN - .860 .608 .391 .259 .206
$TD.DEV = .083 .035 .022 .026 L013
COEF.VAR=  9.687 5.687 5.657 10.115 6.304
$#0F PTS = 11
2 .50 .900 .590 L4600 .243 .219 0. 4
22 .62 .900 .600 .380 .225 .18¢ 0. 4
4 1,50 .990 .700 460 .320 .240 0. 4
6 2.50 .960 670 430 .300 .225 0. 4
8 3,50 .790 .580 .380 .258 .198 0. 4
10 4.50 .580 .490 .370 .252 .228 0. 4
12 5.50 .900 .640 420 L300 .219 0. 4
14 6.50 .900 .630 410 .300 .222 0, 4
16 7.50 .810 600 .380 .258 .207 0. 4
18 8.50 .770 .550 .350 .240 183 0. 4
20 9.50 .810 .580 .370 <249 .195 0. 4
MELR = 546 603 .395 .268 .211
STD.DEV = .113 057 .032 .031 018
COEF.VAR= 13.349 9,505 8.105 11.723 8.572
#OF PTS = 11
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MACDILL AIR FORCE BASE %y
DYNAFLECT MEASUREMENTS R
LOCATION  : TAMPA, FL. PROJECT NO: AF-8 ‘
PAVEMENT ID : APRON 1Al, AREA & CLIENT  : U.S. AIR FORCE
DATE : 10/82
RDG STATION DYNAFLECT READINGS TEMP. TIME 1I/E C/M
NO £1 #2 £3 ¢4 #5
26 .55 450  .430  .3%0  ,350  .310 0.
CMEAN = ,450  .430  .390  .350  .310
STD.DEV = 0.000 0,000 0.000 0.000 0.000
COEF.VAR= 0,000 0.000 0.000 0.000 0.000
_$OF PTS = 1
1 0.00 400,380,340 .290  .246 0. 1006 &
2 .50 340,330,310 .258  .234 0. A
3 1.00 .400  ,380  .350  .310  .267 0. A
4 1.50 .500 .49  .450  .390 350 0. A
5 2.00 360 .350  ,330 .267  .246 0. A
MEAN = .400  .386  .356  .303  .269
SID.DEV =  .062  .062  .055  .053 047
COEF.VAR= 15.411 16.033 15.334 17.392 17.509
£OF PIS = 5
10 .50 .380  .370  .350  .300  .267 0. B
9 1.00 430 L4200 390 .370 320 0. B
6 1.50 .510  ,500  .460 400  .360 0. B
7 2.00 410 .390 L340 L300 .258 0. B
6 2,50 340 L340 .330  .261  .231 0. 1017 B
MEAN = 414 404 .374 326 .287
STD.DEV =  .063  .,061  .053  ,057  .052
COZF.VAR= 15.334 15,117 14.224 17.469 18.088
fOF PIS = 5
S
11 0.00 430 410 380 .310  .285 0. c e
12 .50 440 440 430 .390 370 0. C N
13 1.00 .580 .500 400 .300 .261 0. ¢ [
14 1.50 490 L480  .450  .390 L340 0. c vy
15 2.00 .820  .700  .580  .450  .360 0. ¢ _
oy
MEAR = ,552  ,506  .448  .368  .323 e
STD.DEV = .16l 114 07§ 063 .048 oy
COEF.VAR= 29.194 22,516 17.533 17.014 14.802 AR
£OF PTS = S b
e
4 .l;"
£
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MACDILL AIR FORCE BASE
DYNAFLECT MEASUREMERTS

A T

LOCATION TAMPA, FL. PROJECT NO: AF-8
PAVEMENT ID : APRON 1Al, AREA 4 CLIENT U.S. AIR FORCE
DATE + 10/82
RDG STATION DYNAFLECT READINGS TEMP. TIME I1/E C/M
NO #£1 2 £3 4 #5
20 .50 .400 .380 .350 .270 .258 0. D
19 - 1.00 L460 . 430 .390 2330 .300 0. D
18 1.50 .410 L400 .370 .320 .270 0. D
17 2.00 490 490 L4640 .360 -.300 0. D
16 2.50 400 .370 .360 .320 .267 0. D
MEAN = 432 AT .382 .320 .279
STD.DEV = 041 .048 .036 .032 .020
COEF.VAR= 9.460 11.659 9.329 10.126 7.031
#0F PIS = 5
21 0.00 .530 .490 450 .400 360 0. E
22 .30 .350 L340 .320 .258 ,204 0. E
23 1.00 .560 . 500 420 .310 .273 0. E
24 1.50 L440 .400 .370 .330 .300 0. E
25 2.00 .560 .510 .390 .300 .267 0. 1047 E
MEAN = 488 448 .390 .320 .281
STD.DEV = .091 .075 049 .052 .057
COEF.VAR= 18.747 16.659 12.692 16,291 20.138
$OF PTS = 5
B15
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MACDILL AIR FORCE BASE
DYNAFLECT MEASUREMENTS
LOCATION : TAMPA, FL. PROJECT NO: AF-8
PAVEMENT ID : APRON 1A, AREA § CLIENT : U.S. AIR FORCE
DATE + 10/82
RDG STATION DYNAFLECT READINGS TEMP., TIME 1I/E C/M
o) #1 $2 #3 #4 #5
1 0.00 .620 .560 480 L400 .350 0. 1121 E 1
3 .50 .700 .610 .500 420 .350 0. E 1
s 1.00 ©,550 .500 410 .360 .310 0. E 1
7 1.50 .760 .630 L490 .400 .330 0. E 1
9 2.00 640 .560 L440 .390 .330 0. E 1
MEAN = .654  .57T2 464 .394  .334
STD.DEV = .080 .051 .038 .022 .017 Ve
COEF.VAR= 12.213 8,863 8,150 5.561 5.010 A
#OF PIS = 5 N
.‘:\::'~.
T:'::\‘ [
2 .06 .520 .500 440 .380 .320 0. £ 2 e
4 .56 .580 .560 .480 .430 .350 0. E 2
6 1.06 .540 .520 460 L4600 .340 0. £ 2
8 1.56 .510 L490 440 .380 .320 0. E 2
MEAR = .538 .518 .455 .398 .333
STD.DEV = .031 .031 .019 024 .015
COEF.VAR=  5.759 5.982  4.208  5.945 4.51)
#:0F PIS = 4
16 0.00 .650 .570 480 .390 2340 0. 11
12 .50 .650 .570 460 .390 .330 0. 1 1
14 1.00 .720 .600 .500 .400 2340 0. I 1
16 1.50 .750 640 .530 430 .350 0. I 01
18 2.00 540 480 L4610 .340 L300 0. 1 1
MEAN = 662 572 476 .390 .332
STD.DEV = .081 .059 .045 .032 .01¢
COZF.VAR= 12,244 10,298  9.465 8.309 5.794
#0F PIS = 5
11 .06 LS00 WA AA:) .389 .330 0. 1 2
13 .56 .520 .690 420 .370 .310 0. 1 2
1 1.06 .560 .550 .500 .620 .350 0. 1 2
17 1.56 .570 .540 460 .380 .300 0. 1 2
16 2.06 L410 .400 360 L300 .207 0. I 2
HEAN = .512 L4902 .436 .370 .299
5TD.DIV = 064 .0L0o .052 A 055
COLF.VAR= 12.460 12.144 11.874 11.781 16.406
Q7 PTS = 5
B16
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MACDILL AIR FORCE BASE R

DYNAFLECT MEASUREMENTS BOON
LOCATION - : TAMPA, FL. PROJECT NO: AF-8 RN
PAVEMENT ID : APRON 1A, AREA 5 CLIENT  : U.S. AIR FORCE pas
DATE : 10/82 S
N

KDG STATION DYNAFLECT READINGS TENP. TIME I/E C/M N
NO #1 2 #3 #4 #5 e
20 0.00 560  .510  .440  .370 - .320 0. M1
22 .50 560,500 .440 370 .320 0. Mol
24 1.00 570 530  .460  .380 .340 0. 142 M 1 ]
26 1.50 560 .510  .450  .360  .330 0. Mol AN
28 2.00 550 .490  .420  .350 .300 0. Mol \

MEAN = .55 .S0B 442 .366  .322 e

STD.DEV = .011 .015 015 011 .015 o
COEF.VAR=  2.051 2.920 3.356 3.115 4.606 (e

#OF PTS = 5 e

21 .06 490 L6480  .430 L3600  .310 0. 140 M 2 ke
23 .56 560 .540 490 .390 .330 0. M2 e
25 1.06 560  .540  .490  .400 340 0. X 2 Y
27 1.56 510 .490 440 370 320 0. M2 s
29 2.06 500 L4390 L4640 (340 .310 0. M2 RN
.-_:,,._;‘.
MEAR = 524,508 .458 372 .322 : "‘.1
STD.DEV =  .034  .029  ,029  .024  .013 AR
COEF.VAR=  6.415 5.806 €.440 6.418  4.043 x

#OF PIS = 5 ]
ROCH
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Data Collected with Dynatest Model 8000
Falling Weight Defiectometer

TEST DATA FROM DYNATEST CONSULTING, INC.
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Interior Slab FWD Deflection Results from
Apron 1-A (10-1/2 in. PCC)

Station D1* D2 D3 D4 Area Wt (1bf)

0151 8.1** 7.6 6.4 5.4 30.8 25106
K151 8.5 7.7 6.6 5.5 30.0 23764
G151 8.9 81 6.9 5.8  30.3 23672
C151 3.8 8.0 6.9 5.7 30.2 24042
mr 82 7.5 6.5 5.4 30.5 23913
M1 9.5 8.8 7.6 6.5  30.8 23871
D11 9.6 8.9 7.7 6.4 30.9 23831
M71 8.9 8.0 6.9 5.7 30.0 23902
171 9.0 8.5 7.3 6.2 31.1 23669
F71 9.8 9.1 7.8 6.7 30.9 23781
N31 el 7.5 6.2 5.2 30.2 23778
J31 8.9 83 7.1 5.9 30.7 23812
F3I 9.1 8.2 7.1 6.0 30.2 24092
B31 3.7 8.1 6.9 5.7 30.5 23851
Ave. 8.864 8.164 6.993 5.864  30.507 23935 :$JJ:: .
RS
*D1 = Def. in Center of Plate i
D2, DB,'D4 = Def. 12,_36, 48 ins. from plate tﬂﬂﬁil,
**Deflection ins. x 10 2k
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Slab Edge (15 ft. side) FWD Deflection Results
from Apron 1-A (10-1/2 in. PCC)
Slab _ Load D1 D2 LT* LT adj.**
01561 23249  15.8 6.7 42 46
KISE1 23588 15.7 7.3 47 51
GISE1 23208 16.0 7.2 45 49
C1561 24445  12.5 8.8 - 70 76
CLIEY 23557 146 8.7 89 64
WIEY 23507 18.3 6.3 29 31
DITE] 23840 15.2 8.4 56 61 o
M7ET 23666  12.0  10.1 83 90 ;?,;
17E1 24081  13.1  11.0 84 91 ;f'?:
F7E1 23560 15.7 121 77 84 o
T
N3E1 23475  13.8 8.7 63 68 Q;gzi.
_ J3E1 23688  14.8  10.5 71 77 el
. FE1 22731 139 115 83 90 AR
: E3E1 23353 16.7 7.8 47 51 -EE??

£t
; Ave. 14.864 8.864 6] 66 :
: LT = D2/D! o2
. **| Tx].0857 {(Adjustment for slab bending 8.864/8.1G4) s
N wew)
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Slab Edge {12.5 ft. side) FWD Deflection Results >
from Apron 1-A » O RN

Slab Load D1 D2 LT LT adj.*

015E2 23663 14.5
K15E2 23579 141

| g
ol

LR
"1,
v

“GI15EZ - 23428 16. 49 53

’l'l k]

v
M -;-_.: '

CC15E2 23495 13. 60 65

&
A

N O N o
© w

L11E2 23314 15, 45 T Sy

o & 0 O

H11E2 23537  18.
D11E2 23406  19.
23 25 R |

B> TR )]
PN 8,
N

M7E2 23378 18.
17E2 23277 8.7 7.3 39 42

F7E2 22938  21.0 6.1 29 no oS!
N3E2 23397 15.5 4.5 28 30 Yo
J3E2 23268 17.5 6.5 37 40 oY
F3E2 2352  17.5 6.4 37 40 o
B3E2 23271 19.9 5.1 26 28 | Gy

Ave. 17.21 6.53 39 42

* LT x 8.864/8.164 ¥

BY2 Tt
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Slab Corner FWD Deflection Results from RN
Apron 1-A )
RGN
Slab Load D] D2 LT LT adj.
015C 20584 28.2 16.5 58 63
K15C 22668  22.6 15.4 68 74
G15C 23221 239 143 60 65
C1sc - 23557 18,3 4.2 77 . 8% ety
L11C 23336 18.9  11.1 59 64 R
CHIC 23008 26.8  17.4 65 7 L
DIIC 23179 25.3 4.8 19 21 %f
M7C 20896  22.7 4.9 2 23 N
17¢ 23078 22.1 9.1 41 45
F7C 22961 26,9 5.5 21 23
N3C 22840  27.5 6.9 25 27
J3C 22924  25.8 9.5 37 40
F3C 23307 26.6  10.1 38 43
B3C 22935  28.9 5.3 18 20
Ave. 24.61 10.36 43 47 ;
'%;.'.-;.r'.*
’

BY3 R
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Interior Slab FWD Deflection Resuits for
Apron 1-A-1 (AC/PCC)

S1ab Load D1 D2 D3 D4 Area

Al 23179 8.5 7.1 6.0 5.0 27.9
A2 23260 8.9 7.5 6.2 5.2  28.0

7 D1 23627 9.2 7.5 6.4 5.3  27.5
D2 23176 10.6 9.4 8.0 6.6 29.4

c1 23137 12.0 10.0 8.3 6.8 27.7

c2 23316 9.0 7.9 6.9 5.8  29.6

Ave. 23282 9.7 8.2 7.0 5.8 28.3%

Lengitudinal Edge Joint FWD Deflection Results
for Apron 1-A-1 (AC/PCC)

S R WTRR & v e
. . B
3

Slab Load D1 D2 LT LT adj.*
AlE] 23039 12.9 9.4 73 86 £

9 AR
A2E1 23159 11.3 8.9 79 93 :&;{
DIET 23829  14.9 7.8 53 63 Ny é%.-
D2E1 23482  17.6 8.2 47 56 RV
CIE1 23501 17.1 9.3 54 64 ‘
C2E1 23403  15.1  10.2 67 79
Ave. 14.8 9.0 62 73
* LT x 9.7/8.2

B4Y




Transverse Edge Joint FWD Deflection Results
for Apron 1-A-1 {AC/PCC)

S1ab Load D1 D2 LT LT adj.*

ATE2 23078  11.6 8.5 74 88 R

! A2E2 22980 13.5 6.7 50 59 v;—;Q;;”” ;

\ DIE2 23454 13.0 7.0 54 64 R
D2E2 23038 10.2 9.2 90 100 |

! ClE2 23198 104 9.0 8 100

: C2E2 23073 14.3 8.9 62 73

:

- Ave. 2.2 8.2 70 81

b

* 1Y x 9.7/8.2

-

. - .- -
-";’Lﬂ’ﬁi l.‘t-}'. AN

Corner FWD Deflection Results for Apron 1-A-1

(AC/PCC)
Slab Load Pl D2 LT LT adj.*
= ATC 23498  14.8 1. 75 89
a2e 20207 13.5 8.0 59 70 "
) D1C 22882 17.3 8.0 46 54 N
o D2C 23002 16.0 15.0 94 100 o
a2 G
o cic 23739 120 10.5 86 100 9%
N ol
- cac 22857 21.1  12.4 89 70 o
F;:j Ave. 15.8  10.8 70 81 o
0 — o
W, "._’.“f
. e
* LT x 9.7/8.2 e
T
BUS A
N
‘.‘\‘

e
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FWD Deflection Tuken at Random Cracks in AC for
Apron 1-A-1 (AC/PCC)

Sbdoteh g slab Load D] D2 LT LT adj.*

C2E3 23159 10.7 9.3 87 100
C2E4 23411 9.6 8.0 93 100

,
I

4oDIE3 . 23792 9.6 8.5 88 -100

‘n‘.r::..q;_- X

|
I
)

DlE4 '7723'1579;7 9.8 8.5 & 100

..,'
o
)
x

o
l‘ lr l’.

,I‘.’
b

v
) v

gy

ATE4 23206 9.1 7.6 84 99

N

- um

2
0,

3 *
P U

IR AZE3 23210 9.2 8.1 - 88 100

-,-..,
v
P 1'11"'
T
e

A2E4 23030 10.4 8.4 80 95

.
™y

’
i

< Ave. 9.8 85 8 99 S

-
.

* LT x 9.7/8.2
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Longitudinal Joint FWD Deflection Results for W

Taxiway 33 (PCC)

B48

At Ao P A o e ot i o A A A 0 A Y e 0 R A R R

NP2

Slab Load D] D2 LT LT adj.* ,
N
675BE1 24170 5.9 3.0 61 67 P
600AE] 24655 5.2 2.3 44 49 o
2N
5258E) 24562 4.7 3.5 73 81
450CE 24299 7.8 2.5 33 36
375AE) 24047 6.7 1.9 28 31 s
‘.{‘
300BE1 24350 4.5 3.2 71 79 .
h“t \
30081 24478 4.8 3.9 81 90 o
225CE1 24148 7.9 2.1 27 30 o0
P
150AE] 24056 6.6 2.5 37 a1 F
750E1 24591 5.3 4.0 75 83 =L
o
five, FUD Plate on Outer Slab A 36 40 .:'.',
FWD Plate on Inner Slab B 72 80 R
FWD Plate on Quter Slab € 30 33 (critical) REARY
- o
Kk
* LT x 3.02/2.73 NN
S-S
A
e

a

" 1-1 r L]
LR

’
.
a4

LA AL L

a5,
MK

L,

YuTm
o
Lt

Fa BF,

L 8 A A a e N L ag
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Transverse Joint FWD Deflection Results for
Taxiway 33 (PCC)

v B¢ S

s
B

»

T

ATr_ S BA B

&
‘v vy
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q
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£
a

Y
o
Y
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I

Slab Load D1 D2 LT LT adj.*

6758E2 25223 6.1 2.0 33 36
600AEZ 24591 6.5 2.3 35 39
525BE2 24330 5.8 1.9 33 36
450CE?2 24546 4.1 3.5 87 96
375AE2 23924 5.2 3.2 62 69
300BE2 24170 4.7 2.8 59 65
3008E2 23857 61 2.3 38 42
225CE2 24050 6.4 3.5 56 62
150AE2 24403 5.7 3.9 67 74

75BE2 24187 8.7 1.8 21 23

Ave. Plate on Outer 3lab A 55 61 R
Plate on Inner Slab B 37 40 SN

Plate on Quter Slab C 72 79 v

SN
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Slab Corner FWD Deflection Results for Taxiway 33 (FL(C}

o L WY v

600AC
225BC

P ET WL N ]

i 450CC
375AC
3008C

TV Y YO Y.,

3008C
225CC

X

" ¥ Y X

150AC
75BC

25145 10.
24039 10.
24582 7.
23154 9,
23442 10.
23336 14,
24064 14.

24683 10,
23538 20.
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Slab load DI D2 LT _ iy ady
6758C 24125 8.2 4.0 4x b

Pilate on
Plate on
Plate on

TR OC W X UEREE Y Y _ Yo
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<2 0t
5
A FWD Deflection for Taxiway 3 "
' positton _ toad_ Py Py By Dp D D pieg =
Centerling W
: sta, 950 23179 22.6 155 8.8 5.7 3.9 3.0 20.6 L
) 650 22266 271 17.4 10.9 7.1 48 3.4 20.] P
750 22112 261 167 9.7 6.2 44 3.2 19.3 -
: €50 23579 217 16.0 10.4 6.7 4.6 3.4 22,4 2
650 23070 24,6 16.9 10.9 7.3 4.9 3.4  21.3 e
- 450 25011 z4.5 17.9 1.0 67 43 2.9 21.8 o
350 24509 234 16,0 1.9 7.8 50 3.4  23.3 =
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TEST DATA FROM WATERWAYS EXPERIMENT STATION

Dala Collecied with WES 16-kip vibrator
and WES Falling Weight Deflectometer
(Dynatest 15-kip FWD)
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Pavement Condition Rating

of Test Areas
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Table 5 (Continued)

Test
Area

1

Defiection, mils

Distance trom Center
of Plate, in.

Station Surtace
Test or Temperature Force

No. location Date Time °F 1b 0 12
B-8 1487.5 3 Nov 82 92.0 14,253 1.73 1.57
14,333 1.73  1.57

14,301 1.73 -

14,349 1.77 -~

B-11 2462.5 14,138 1.61 1.50
14,126 1.65 1.54

14,206  1.69  -=

14,174 1.73 --

B-14 3+37.5 14,301 1.85 1.57
14,333  1.69 1.54

14,333 1.77 -

14,365 1.73 --

B~17 4412.5 14,317 1.81 1.77
14,269  1.77 1.85

13,936 1.81 --

13,285 1.73 --

}B-20 4487.5 14,444 1.81 1.61
15,560 1.85 .65

15,460 1.81 .-

14,460 1.8 --

B~23 5+¢62.5 14,365 1.73  1.42
14,380 1.61 1.46

15,301 1.65 --

14,301 1.65 ==
B=26 6+37.5 14,333 1.65 1.50
14,365 1.65 1.50

14,380 1.69 e

14,265 1.65 ~-
C-3 0+62.5 14,237 1.89 1.69
14,253 1.89 1.54

14,269 1.89  --

15,156 1.97 -
C~6 1437.5 14,110 1.85 1.77
14,222 1.85 1.85

14,301 1.85 --

14,222 1.81  --
C-9 2+12.5 15,004 1.65 1.54
14,126 1.77  1.61

14,237 1.69 --

* 14,110 1.73 --
c-12 2481.5 $3.0 14,253 1.97  1.65
14,349 1.93 1.69

14,333 1.93 -

14,380  1.93 -~
C-15 3+62.5 14,444 1.81 1.61
14,476 1.81 1.61

14,221 1.81 -~

Y Y 15,576 1.81 -

(Contrnued)

Cc19

N T

-~ 1.30  --

-~ 130 --

142 --  1.18
1.14

-~ 122 .-
-~ 1.26 -
1.56 == 1.10
1,46 --  1.14

--  1.38  --
== 1.38

1.38  ~- 22
1.2 == 1

-~ 122 --
- 114 -
1,30 --  1.06
1.26 -~ 1.06
- 1,26 =~

1.3 -- 1.10
1.2t == 1.10
-- 1,42 -
- 1 ’2 -
] -~ 1.34
.77 -~ 1.38

1.5 -- 1.22
1.57 -- 1.26

(Sheet 2 uof 15)
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Table 5 (Continued)
Deflection, mils
Station Surface Distance from Center
Test Test or Temperature Force of Plate, in.

Area No. Location Date Time °F 1b 0 12 24 36 48
1 (C-18 4+37.5 3 Nov 82 93.0 14,174 2.20 1.81 -- 1.54 -~
14,269  2.13 1.85 -- 1.54 --

14,349 2.20 -- 1.61 - 1.38

14,301  2.24 -- 1.77 - 1.38
Cc-21 5+12.5 14,476  1.65 1.50 =-- 1.22 --
14,492  1.57 1.18 =~ 1.26 --

14,285 1.61 -- 1.34 -- 1.10

14,460 1.61 -- 1.26 =--  1.14
C-24 5+87.5 13,983 1.97 1.50 -- 1.18  --
14,237 1.89 1.54 =~ 1.22 --

14,285 1.93 -- 1.42 =-- 1.10

14,269 1.93 -- .38 --  1.10
c-27 6+62.5 11:30 14,142 1.97 1.50 -- 1,30 --
14,333 1.97 1.61 - 1.30  ~-

13,999 1.97 -- 1.46 -- 1.14

v 14,078 1.97 -- 1.42 -~ 1.26
2 T-2 0+84 8 ft 1f 2:10 97.0 4,036 2.17 1.50 ~--  0.63 =-
4,052 2.24 1.54 -~ 0.63 «-

3,988 2.32 -~ 0.94 -~ 0.47

4,020 2.28 -~ 0.94 -~ 0.47
8,755 5.08 3.54 -~ 1.42 -~
8,771 5.04 3.54 -- 1,42 --

8,40 5.31 -- 2.28  ~-- 1.06

8,740 5.31 --  2.28 -~ 1.06

14,176 8.62 6.06 == 2.44 ==

14,253 8.70 6.10 ~-- 2,52 -~

14,206  8.74 -- 2.90 -- 1.77

v 14,190 8.66 --  3.86 -~ 1.77
A-0400 =22 ft If 98.0 13,983 14.80 8.62 -- 3.15 --
14,094 14.09 8.62 -- 3.19 --

14,047 13.70 - 5.8 ~-- 2.20

A-1+00 14,110 12.13 8.15 -~ 2.87 ==
14,126 12.09 8.15 =-- 2.91 --

14,047 12.52 ~-  4.846 -~ 2,01

¥ 14,110 12.32 - 4,84 -~ 2,05

A-2+00 97.0 14,158 16.38 9.41 “-- 2,68 --
14,126 15.63 9.25 =-- 2,72 --

14,126 15.43 -  4.96 -- 1.93

14,158 15.31 --  5.04 ~- 1.93

A-3+00 14,078 14.57 9,02 -~ 2.87 -
14,094 14.45 9,06 -~ 2,83 --

14,031 15.75 -~ 4,92 -- -

14,031 14.92 -- 4.80 ~-- 1.89

A-4+00 14,078 20.08 10.35 - 2.72 -
14,126 18.90 10.08 ~-- 2,80 ~--

14,126 18.19 -~ 4.80 == 1.93

 J Y 14,110 18.74 .- 4.96 -- 1.93

(Continued)

C20
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Table 5 (Continucd)

Test Test
Area _ No,
2 A=5100

A-6+00

A-700

B-0+00

B-0450

E-1400

B-1+50

Be2400

B-2150

B=3400

B=4+00

B=b440

Station
or
Location

=22 ft 1f

=22 ft lf

=12 fe If

To s a e

_“‘[L]? [

3 Mov 82

—
=
a

Pt Py ey e o

Surface
Temperature
l)l,‘

Foree
b

97.0

\J

(Lontimed)

14,0653
14,078
14,011
14,031

14,0061
14,078
14,003
14,078

13,729
164,047
11,939
14,031
14,063
14,174
14,190

14,078
14,094
14,0073
14,047

14,208
1,10
Yo Vi

14,190
14,721
14,190
T, 7%
14,2411
o

1,706
19,753

|
14,01
14,014)
0,100

14,198
14,000,
14 114
Y, t0n
vi,0u0
14,0061
Vi, 00
o, unh

1, 190
e 154
Voo yo6
Va, thy

P 156
14,10
1,110
Vi, b4

Thistance trom Center

]r).?./a
15.00
16.77
15.79
19.92
15.27
17.68
17.28

17.28
17,728
15.70
17.40

10.28
10,24
10,24

Y. 94
9,84
11.02
10,16

9.%7
L
16,60

8.11
7.99
8.0
1.9

.12
h.09
Y
Y. it

11.61
11,18
11,14
118
.49
9.3/
9.41
9.0

VO I 4 - - . R
AN AN AN P ANENS S AN AR R

Flection, mits
of Plate, in,

1224

- 3.50 -
- 343 -

9.9 == 2,56
= 3.:“‘ -
5.1 == 2,90
5.7% . 2,68
-a 3. K2 -
R A
Hhoth - 2.68
L0 e 200

e N Y e
LT B B

ti. 17 - 2,08
.8l .22

=. 43 .-
e 4,3 .-

344 -- 1.1%
1.7

{;‘(,Z -

B A
T
6,30 --
(A 1A -
- 370 =
e YK s

H.h  ee 7,04
4. .- 2,440

.- b, 06 .-
Lx] 4,09 e~

.04 - 7.8
IR 1
.. 1,70 -
= 3 L -

5
7.72 .- 1.7%
.72 - 1.69

1

1.89
b6l

1.50
1.6
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TR WU e WS WU N W T W WS W AW W TR W PR TR TR TR IR T o R Rk o RTIE G ET T T WY T ETR MM TE T T STANRMAVEMVOIURLVEVRAYTWS M"h\“,
e

.b {-
S
—I“-F'
LY
PN
T.ble 5 (Continued) )-_":r._
'\n \-
— o e e N
o hetlectyon, mils ) -\4“
. Statyan Surtare Distance trom Center 5\&\‘
Y Tegt or Temperature Force o “!‘]_:x_f:(‘ _in, N =3
Area No, Lhocalion Bate Tinmue oy 1h 1} 12 b 36 Ly -
Looete e b A 8 e s S Be L
2 B9 M q 3 Nov b2 97.0 14,086 9.21 5.39  «- 154 -- NN
14,206 9.29 5.43 -- 1.61 b R}
16,126 §.60 -m 2,80 e 1.1% o
16,10 945 == 2,83 -- 4 \';s:
. , ) (RS
I-54%0 14,063 8.3 5.63 ==  2.44 == A
14,206 8.15  5.6]7 --  2.48 == Buta 0

14,206 &.11 - 378 == 1,77
14,190 8.0} - 376 - 1,77

L6400 16,156 7.40 547 -- 2,28 --
14,301 7.36 5.63 -- &

146,142 7.44 -- 3.5 -~ 1.9

14,237 1.52 == 3.5

g
!

v}

[\

[ws)

o

b
f{gf
533

:

3

~ -y
b

B-G15y -- 10 83 7.01  -- 2,80 -- oL
13,994 10,59 7.01  -- 2,76  ~- i
13,983 10,39 = 4,33 - 2,05 IR
14,063 10,47 <= 437 -+ 2.09 A
Is=7+00 14,09 10,03  7.20 ~-  2.80 == [
16,253 10,20 7.3z - 2B == e
14,158 10.59 == 4,76 == 2.09 R
) 14,237 10,35 -- 40720 - 2,09 L.
e
C-0r0u  Center ape 95.0 14,126 9.02  5.06  -= 2,26 ==
16,010 5,78 5,17 -- 2.0 .- :
14,078 933 == 3.43 -« 1.61 .
.. -l e Ll .
'
G110y 14,154 6.77 4,65 -- 2.05 - y
14,206 6,81 4,65 == 2,01 == ’
14,237 6,77 == 3,39 = 1,65 ¢
14,237 6,80 == 2,07 -~ 1.4 >
[ EI] 4,10 8.3 4,76 -- 1.97 --
14,15%  £.23  5.08 -~ 2,20 =~ e
16,110 2.90 == 431 -- 1,61 L
14,094 .58 == 3.27  --  1.69 P.'.
Cr 34y 16,047 11,22 5.91 == 2,44 -- b
14,094 10.43  5.91  -=  2.48 - S
14,094 9.92 -~ A == 1.73 {w
14,07% 9.72 -- 3,74 -  1.73
£-4200 14,678 9.49 5,35 == 2,20 ~-- A
14,015  10.59 -~ 3.46 -~ 1.54 T
14,067 9,96 == 3.46 -- 1.54 T
C-5400 13,983 8,11 4.53 == 1.B] -- Ml
13,999 7.8% 4 - 1.8 -- O
146,096 7.6 -~ 2.91 == 1.42 3
16,09 7,40 == 2,91 == 1.42 ——
. LN
L-6100 13,967  9.72  4.88 -- 2,13 - e
14,067 9.4 4.8 -- 2,20 -- e
14,047 11,50 -~ 3.27 -~ 1.61 Ve
14,015 10,31 -~ 331 - 1.61 Sl
C-7400 Z:50 14,110 9.49  6.30 == 2,87 - o
14,110 9.17  6.22 == 2.87 -- At
L 14,094 9,09 -- 4,13 -- 2,01 R
v 14,063 8,98 == 4,17 ~-  2.0] .{{J,
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Table 5 (Continued)

Test

[ A R )

o T T

_\.

¥

LA

NANET

>

LN

oo oy
A A AN A

[N

na
"2y

Area

Test
No.

Station Surface
vt Temperature Force
Location Date Time °F 1b

D-0+00

D-0+50

D-1+00

N-1450

1-2+00

D-2+50

D~3+00

D=-3+50

D-4+00

D-4+50

D--5+400

D-5450

=12 ft re 3 Nov 82 97.0 14,190
14,317
14,301
14,333

14,349
14,349
14,206
14,301

14,253
14,237
14,237
14,158

14,142
14,174
14,174
14,174

14,206
14,269
14,269
14,285

14,110
14,269
14 174
14,253

14,174
14,190
14,142
14,221

14,158
14,206
14,142
14,158

14,094
14,158
14,158
14,190

14,221
14,269
14,174
14,221
14,174
14,190
14,126
14,158

14,063
14,174

L 14,120
* 1 14,126

(Continued)

C23

Detlection, mils

Distance trom Center
of Plate, in,

q 12 24 36 48
9.06 6.22 - 2.44 -
9.09 6.46 == 244 --
9.02 ~- 3.82 -- 1.73
9,13 -- 3.82 -~ 1.73
10.00 6.61 ~-- 2.36 --
9.96 6.65 == 2.36 ==
10.12 == 3.78 -- 1.65
9.96 == 3.86 -~ 1.69
8.58 5.43 ~=  1.97 =~
8.39 5.35 == 2.05 ==
g.27  ~- 3.23 -- 1.42
§.31 ~- 3.58 -= 1.30
11.22 7.28 == 2.52 =~
1.10 7.36 -- 2.56 --
1.7 -~ 402 -- 177
11.42 ~-  4.09  --  1.77
10.55 6.85 ~- 2.32  --
10.35 6.69 == 2.40 -~-
10.39 == 3.90 -~- 1.6l

.31 -~ 3.86 == 1.65

.50 5.75 -~ 2.09  --
.43 5.83  ~--  2.17  =-
.86 -~ 3.27 == 1.46
.62 -~ 3.35 -~ 1.4b

38 7.09 -- 2,40 --
79 7.01 -~ 2,44 -
.43 -~ 3.82 -- 173
.39 -~ 3.90 -~ 1.73

.31 6.61 -~ 2,44 ~-
.28 6.57  -=  2.40  ~-
.55 - 3,94 -~ 1,73
.47 - 3.94 -~ 1.77

9.33 5.51 ~-- 2.28 =-
9.06 5.43 -- 2,20 -~--
8.86  -- 3.31 - 1.54
8.82 -~ 3.39 -- 1,57
9,33 6.38 -- 2.56 --
9.29 6.54 =-- 2,60 ~-
9.53  -- 4.02 ~-- 1.8
9.41 -~ 4.06 -- 1.81
9.13 5.12 -- 1.73 -
8.90 5.08 -- 1.73 ==
8.70 ~- 295 -~ 1.22
8.62 -~ 3.03 == 1.22
9.17 6.26 ~-- 2.64 --
9.02 6.46 -~ 2.76 --
9.86 ~- 417 -- 1.93
9,21 == 4.13 -- 2,05

(Page 6 of 15)
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Table 5 (Continued) (N
D-\
—_— "\
-  Detlectiou, mils W
Station Surface TDistance trom Uenter ‘::-"'“
Test Test or Temperature Force of Flate, in.
Area No. Location Date Time °F 1b 0 12 24 3o 48 .’\ p
2 D-6+00 =12 ft ri 3 Nov 82 97.0 14,110 9.92 6.10 ~- 2.52 -~ X :
14,176 9.25 6,10 == 2.56 == .3’:\ A
14,126 8.82 “=  3.78  --  1.81 v
14,206  8.86 -~ 3.82 --  1.89 ‘,u:‘
D-6+50 16,047 10.20 6.50 == 2.48 - ~
14,110 10.20 6.57 -- 2.48 -~ -
14,063 10.59 - 3.98 -- 1.73 .
14,078 10.31 -~ 3.98 -~ 1.77 F‘_:
D-7+00 14,110 12,56 8.03 -- 2,76 == £
14,158 12,20 7.91 -- 2,80 -~- -~
14,174 11,97 -—  4.61 -- 2.0% -
14,176 11.97 == 4,69 -~ 2.0l A
E-0+00 =22 ft rt 14,100 12,76 8.11 -~ 2.83  -- e
14,094 12.68 7.99 -~ 2,83 --
14,047 12.95  =- 4.80 == 2,13 i
e .- - - = - -
E-1+00 14,063 13.43 8 -~ 2.20 -- ™

7. »
16,142 12.80 7.56 -~  2.24  -- N
14,142 12.72 -- 3.
14,158 12.64  =-- 3.9
E-2400 14,078 12.91 8.i1  -- 2.64  --
14,158 12,95  8.i5 -- 2.72 -
14 794 13.27 - 4.53 -- 1.89
14,094 13,07  -- 4.53 -- 1.89

E-3+00 14,047 16.83 8.90 -- 2.60 b

.-
1

vy e e

14,078 15.47 8.74 -- 2,64 - s
14,078 14.76 ==  4.53 ~-  1.89 a
14,110 14.6] - 437 - 1.89 ;~
E-4100 16,047 10.28  7.01 A= 2.32 - i
14,110 10.79  7.17 -~  2.44  -- e
14,047 11.564 - 4,09 --  1.65 e
14,096 11.06 ==  4.09 --  1.69 D
E-5+00 14,063 12.52 7.52 ~- 1.97 -- o
14,110 12,09 7.32 -~ 1.80 -- ot
14,110 12.05  --  3.39  --  1.30
16,126 11.97 -~ 3.43 -- 1.3 g, ,
E-6+00 14,047 15,47 9.8 -- 3.23 - -
14,078 15.35 9.84 -- 3.27 -- .
14,031 16.61 - 5,43 —-  2.28 =
14,047 16.3% -- 3.1 -~ 2.32 P
E-7+00 13,904 23.46 11.54 -- 2.87 -- ol
13,951 21.46 11.02 == 2,95 -~ ”.
14,047 20,55  -- 5,20 == 2.13 b
16,078 20.31 -~ 5.1 == 2,13 P."'\"_ 0
v S
50 T3 92.0 3,057 9.57 4.5 -- 0.75 - RN
3,900 9.33 4,13 --  0.75  -- N
3,988 11.02 -- 1.38 --  0.51 ;
Y 3,941 10,12 -~ 1.4z ==  0.51 \:
RO .
F, iy
SNk
(Continued) (Sheet 7 ot 15) ."’."".'\"
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Table 5 (Covtinued; £
R
e
e et e s e — e e e e IO
e ¢chtal -\. )
Station Surtace T Distance frem Ceater i' A
Test Test or Temperature  Foree  _of Plate, . - 3
Area No. Location Date Time %8 b [ S L .
3 T-3 =22 fi pt 3 Nov 82 92.0 5,708 18,50 0.09  --  1.69  -- o
8,724 1846 917 - Ll -- RS
8,708 19.65 ~- 3.1 -- 22 By
3,724 19.13  ~- 3,15 == 22
14,078 27.72 1461 == 2,56 == R,
14,047 27.68 1476 == 20 -- NG
14,047 29.13 == 5,08 --  1.85 T
14,047 28.82 == 5.16 -- 1.89 3
A-0+50 12 fU 1f 14,006 27.99 15.064 -= 2.8} == o
14,110 24.40 14.76 == 291 == Y
14,073 26,42 == 5.63 - 1.93 =tA
14,126 25.98 == 5.u3 == 1.8Y A
A-1450 13,983 29.25 15.43 -~ 3.35 == »
13.999 27.72 15.28 -~ 3.54 ==
Va,G47 26,97 =-  6.22 == 2.48 bt
14,078 26,97 ==  G.he == 2.52
A-2450 13,983 27.95 15.91 -~ 4.8 - :"}-
13,083 27.68 15.83 =~ 413 -- -~
V4,047 29.09 == .32 == 2,38 B
13,963 28,39  --  T.28 == 2.3v o
A=3+50 14,063 29.57 1b.26 -~ 3.5%  -- *
14,470 28,23 15.83  --  3.50  -- -
13,951 27.40 -~ 6.42 == 2.24
14,003 27.09 -~ .38 --2.2d o~
A-6+450 13,672 21.34 11.61  -- 417 -- f-"‘
13,909 21.50 11.02  --  4.21 == b
13,872 22,87 == 5.9 .- 2.0) :
13,904 22.28  --  6.0b == 3.07 A
A-5+50 13,983 27.56 14.88 -- 3.39  -- N
13,435 2642 14.53  --  3.39 -- -
13,951 25.79 -~ b.34 .- 2,32
13,951 25.47 ==  6.34% == 2.32 e
A-6+50 13,872 28.62 164.80 ~-  2.99 == i
13,904 28.03 14.76 =~- 3.11 == Y
13.856 30.59 -~ 5.79 --  2.17 e
13,920 29.29  -- 5.79 == 2.20
A-7+50 13,920 26.97 13.19 == 276 == x
13.888 25.55 12.87 ~- 2.80 -~ o
13,920 25.51 -- 508 -- 2.01 Ny
13,920 25.91 - 5.8 == 2.05 o
A-8+50 13,872 24.84 13.90 ~- 2.64  -- v
13,904 25.00 13.46 =~ Z.60  -- a
13,872 27.17  -= 5.28 -~ 1.85 ‘
13,920 25.67  ~- 5.24 -~ 1.89 .
A-9+50 13,840 27.56 14.41 -- 3.15 == ﬁ
13,886 26.85 14.29 =- 3.1} == .
13,840 26.36  ~- <094 e~ 2,17 .
Y Y 13.856 26,18 == 6.02 -~ 2.20
AL
Continued) (Sheet 8 of 15) '
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T4 A

Tabie I {Lontiaued)

T ooTTm iection, wils
Slat oy Suriare ) istante trom Center
Togt Tezt oI Tempevature Foree of Plate, o,
Lroy LMo tesatamn o bt wa PV M6 0 1o 2zh o 36 48
3 C-roy Lentor e 3 ¥aw L2003 U | R 5.0 104 -- 3.67 ==
g

1
16,031 §5.%% 10,43 -- 3.78 -

Ty T Y XV W Y T T R T

L]
LRIV R PPN I -. DA == 2040
¥ Th,0a7 17,873 e 5,22 e 7,20
=ittt . 4.9 1,963 1248 1110 -« 41T ee
! : bt -
1,024 2.52
. . ' 13,983 2.80
AT { 1h, %7 --
) f 14 044 : - : --
\ ] Va0 16,03 ee 5,79 == 2,20
[ ] W, 078 650 ee 5,TD ee 2.2k
\
e =g { W ubt 10.7% 11,67 == b.zt ==
] ; 13,99 16.%¢ 10,41 == 421 «-
4 13,907 10,07 == .3 ‘- 2.60
[ fh, 15yl e 6,28 es 2,82
' C-hryi) { 14,05 23,19 13900 == 6, 2] -
L | Y4,935 2307 1306 e G060 e
r ‘ I A T -- 7.05 = 2.8
: ¥ R T N Y
: Lepryy FRY Ve, G50 vhons 1201 es 3900 e
' Yo,uthy 18Ry Y)LRL -- 390 -
' 14,85 1947 we 0035 - 182
13,020 19,46 N A1
Engt i) PR3 W R] (O V17 B OO T BT SR S -
16 U4 19,80 V]2 -~ 413 -
F 1,06 20 LA == 4,57 == 2,08
; 14,999 20,k T YT
] LaT0nh N R B A U L Y
3 Yo 047 16,97 13 -- 3,44 -
q HI YRS W) o 5.1 -- 2.0
p Ja, 110 14 77 - 5,43 == 2.1
{ LoBeut 14,500 15,9 £.B2  —= 335 -
4 P L R T
\ 13,0792 1594 -- 939 .- 2,60
l Vi, 702 nabs = 5,31 .- Z.44
4 L-Yrn 14,010 YR 98 10,12 - 3.1 -
» Ve, uih 18,10 1016 == 3.¢]  --
F Yo, 00 17,60 -- Db -- 2.13
: b 1a,110 17,48 == 5,12 == 2.1}
v L1080 430 Yo .t 1,508 15,70 9,93 -« 331 --
! Y P A T
i Va,usl I Yh == 551 == 2.4k
Yo 0470 16,17 - 5.%1 -- 2,40
Boorgy Y1t 9.0 T N 1 e S N =-
19,995 2h46 1Y 04 -- 305 es
(IR Y B ¥ == L0 e 2,09 “
Y Ve,000 0 213 =a 501 -- 213 -
"
-
‘r
I
(Gt inned ) (Sheor 9 of 15) !ﬁf
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Test

Area

Table 5 (Continued)

Test
Nos,

Station
or
Locatyon

B~1+00

B-2409

B=3400

B=b200

B-5400

-

i~

st

B~7400

B-&:00

B=9+00

B=10+00

12 tLort

_late

3 Nov 82

Tame

Surtace
Tempecature

e

92.0

(Continned)

Force

LU
13,8460
14,904
14,920
13,939

13,4920
13,935
13,935
13,935
13,888
14, LHR
13,872
14,920
15,99)
13,884
13,742
11,4904
19,35
13,935
13,949
13,888
13,904
14,9
17,000
11,588

14,0731
14,983
13,00
13,943
173, k85
13,939
14,920
13,926

14,856
13,650
13,872
13,456
13,792
13,943
174,920
13,967

4,338
4,290
4,306
4,438
5,771
9,010
294G
9,137

n

25,19
24,

27

26,

3l

29,8

24,

29

31,
30,
33.

K
Era

34,
30,

i

3240

1.
30,
30,

6.5

30,
ar.
31,
25,
2h,
;.'1 .

4.
M,

e

24,

-t
24,
a7,
20,

26,
23,
22,
23,
2%,

[ Py PN V8 )

44,
[
30

17
.69
.73
6Y
.31
.30
¥
.50

Drtlection, mils
ywtance from Center
of Plate, in.

e

14,11
14,21

15,31
145.00

-

17.09
17.11

-

1R.07
l(].(’lr‘
17,26
16.9/

-

20,74

C A

13.66
13.04

12.91
12.99

13.90
13.58

11.57
11.61

-~

1.42
1.42

2.91

2.95

_2h T
- 327 -

- 3n -
6,14 L] 2,12
6,22 =+ 2.78

- 283 .-

- .83 -

-- 331 -
- 3 .-
C.BY == 2,20

== 331 e-
-- 3.3 --
6,10 -- 2,28
G, 14 -~ 2.5b

= 2.05 -
-- A
2.48 - Sh
2.52 -- 1.65
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Table 5 (Continued)

Test
Arca

Station
Test or
No. iLocation

Date

T-4

[

10

i
.
<

3 Nov 82

Time

5:45

Peflection, mils

Distance trom Center

of Plate, in.

Surface
Temperature Force
°F ib 12
86.0 14,063 5.08 4.57
14,126  5.12 4.57
14,078 5.06 -~
14,126 5.08 -
14,221 5.79 5.04
14,285 5.83 5.16
14,206 5.83 --
14,285 5.83 -
14,221 6.10 S5.16
14,221 6.02 5.16
14,190 5.87 -
14,221 5.87 ~--
14,031 7.87 4.76
14,047 7.83 4.65
14,078 7.83 -
14,063 7.83 --
14,044 7.36  5.94
14,126 7.32  5.98
14,126  7.36 --
14,126  7.36 ~-
14,078  5.79  4.84
14,174  5.83  4.88
14 142 5.91 --
14,190  5.87 --
14,126 5.43 4.45
14,142 5.43  4.45
15,126 5.5% --
14,158  5.31 --
13,925 7.95 5.20
13,951 7.83 5.20
13,967  8.43 --
13,983  8.27 --
14,031 8.11 5 94
14,047 8.07 5.94
14,015 8.07 --
14,031  8.03 --
13,983  7.72 6.10
14,094  7.64  6.22
14,063 7.76 hid
14,078  7.64 --
14,174 6,10 5 08
14,206 6.006  5.20
14,237  6.14 --
14,237  6G.10 -
14,094 6.36 5.98
13,951 6.22  5.83
14,011 G.30 -
] 14,096 6.22 -
(Continued)

c28

24 36 48
--  3.27 --
- 331 -

3.90 -~ 2,52

3.2 --  2.60

- 346 --
== 3.58 -
6.29 -~ 2.81
433 -- 2.9
-~ 362 --
-~ 3.5 --
441 -~ 3.03

- A4.33 --
5.24 -- 3.58
5.24 -- 3.35

-- 3.27 --

-- 3.35 -—
4,29 -~ 2,80
4.29 -= 2.72

- 307 --

- 311 --
3.76 -- .45
3.82 -- 2.48

- 346 -

_— 3.43 -

- 343 -
== 3.50 ~-
4,41 -~ 2.64
4,45 == 2,60
-~ 370 --
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Table 5 (Continued) 5)‘*:
'&,‘\
- = \-..q'
Deflection, mils e
r Station Sucface Distance trom Center .ﬁzax
Test Test or Temperature Force of Plate, in, Pl oy
Area _ No. Location Date  Time oF 1) 0 12 24 36 48
; 4 12 3 Nov 82 86.0 14,126  7.52 5,67 =~ 3.50 -
14,174 7.72  5.71 -~ 3,50 -~
14,110 7.68 -~ 4,57 -- 2.72
[ 14,158  7.80 - 457 .- 2.72
m J-13 14,047 12.48 5,28 ~- 3.43 ~-
14,078 12.44  5.28 -- 3,43 ==
13,872 12.24 --  4.13  --  2.56
# 14,047 12.36  -- 4.13 ==  2.56
2 14 14,174 7.36 6,30 --  4.37 -
: 14,285 7.446  6.38 ==  4.45 ==
' 14,221  7.40 --  5.55 =- 3,58
X 14,206  7.46 --=  5.51 =~ 3,54
15 14,047  7.60 6.38 == 445 -
! 14,142  7.64  6.46 -- 445 =
14,078 7.56  =- 5.28 -- 3,62
o) 14,094  7.56 -~ 5.28 -- 3,39
N
n 16 6:30 14,174 6.30  5.28 -- 3,74 --
5 14,126  6.36  5.24 -~ 3,70 -~
A 14,078  6.38 -~ 4,57 -- 2.99
Iy ‘ 16,094 6.26  -- 4.57 -- 2.95
y
A 5 A-1 0820 8.4 14,809  5.00 4.65 ~- 3.54 ==
s 14,746  46.96  4.65 -- 3,50 =~
- 14,346 4.6 -- 425 - 3.11
[ 14,714 5.00  --  4.37 -- 3.15
- £-1 79.0 14,619 5,71 4.80 ~= 3.70 --
14,571 5.5t 4.76 ~- .66 -~
= 14,571 5.51 - 417 -- 2,95
14,603  5.71 = 4,21 == 2.99
:j 1-1 80.0 14,635 6.02 5.43 ~-- 3,90 --
14,539 5.94  5.47 == 3,94 --
14,555  5.94 -~ 4,61 - 3.27
h 14,535  5.79 w465 -~ 3.27
- H-1 14,698  5.31 4.84 == 3,43 --
-, 14,651  5.20 4.88 == 3,43  ~-
14,651  5.35 -~ 3.86 -~ 2.83
r 14,619 5.31 - 4,06 -~ 2.76
[~ N-3 146,619 5.28 4,29  ~- 2,95 ==
- 14,365  5.26 4,29 == 2,95 ==
14,508  4.92 -- 3,46 -- 2.52
‘} 14,571 4.84 --  3.50 -- Z2.48
" 1-3 81.0 14,524  5.28 4.80 -- 3.31 --
) 14,019 5,35  4.72 ==  3.31 --
tr- 14,651 5.35 -~ 425 --  2.80 |
o 14,651 5.35 - 4.21 == 2,80 o
A F-3 14,714 5,20 4.88 - 3,50 -- 0
16,698  5.20  4.84  --  3.50 --
} 16,666 5,20 -~ 4,21 -- 3,03
}- 1 ] A 14,603 5.26  -= 4,21 == 2,99 e
» ' ~_-l
W
A
N A
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Table 5 (Continued) Tt
("o s
oA
—— mmm i mmn en ree o rreem s —— ey ¥
o ebheciaeny ks A
Station Surtace s tatice dram Lenteg '.:".n‘"
Test Test or Temprzature Feeza af Plate. an. . wTax
Area No. Location Date Time °r b b I
5 B-3 3 Nov 82 81.0 1,619 516 4.4 == 3,01 - PN
60 512 4.5) == 3,23 s et
16,555 5,36 == 300 == 2,40 o
14,635 5.04 =< 350 == 2.5 et
wf".-f"
G-5 14,464 5.98 5,39 =~ 3,00 -- Lot
16,508 6,02 8.43 == 3,90 -- '
14,555 5,98 = 4,72 -~ 3,23
16,476 5.94 == hL)e = 3.2) FAT
-,‘ »
K-5 14,510 5,41 465 == 322 e- Lranrs
14,692 5.3% 4,12 == 3,21 - bty
14,555 5,28 .- 3.9 == D.GB P
) 14,555  §.3) - 398 ==  2.08 e
P v
0-5 82.0 16,508 4,92 4,37 == 2,61 -- o
14,521 4. 88 4.37 -- 2.80 =~
14,539 4.46 -- 3,74 -- 2,40 e e
16,676 480 == 3,7 we 1.3 .:::.:‘,"
M-7 4,66 by2 445 == 303 -- e,
16,676 4,90 4,45 == 3,15 -a A
14,428 5.12 - 2,70 -- 2 oLE F.r"-r"
1,476 5,00 == 304 e= 2.6k i
1-7 1o, bl 5,06 457 e 3,020 a- "
14,394 5.08 b4,y) .- 3,27 e LY
I Wbl 5.0k EET N /O T A3 w S
14,464 5,08 =s 396 ae 2091 [l
F-7 16,253 5,67 490 == 3,35 =s A
16,285 5,79 5,00 == 335  ~- Lyt
448 055 - 405 - 2.BG s
14,317 5.0 O M T I 1 A
D-9 16,270 500 S0 == 3.2% =. .
Vi, o3 571 5.%u  ~= %20 .- O
W, 106 S.8% == W29 == 2,99 Sty
10,221 H.K3 —- hh) == 28] D,
v R
Fey 83.0 1,396 5.4 u R ee 339 =e Wy
14,%6 8,47 4,85 == 3,43 =» AT,
1,569 5.3% = 4,06t == 7,80 ,'f'l'.f
14,360 5,734 ER P/ R T AN ¥ LI
J-9 a5 506 bST e 35k e b
V4,505 5,00 4.6) - 3.58 - y-‘:'-.p\
10,255 5,08 =« 3,94 =- 3,23 .j-."'-.
16,169 5,08 -~ 4,00 == 3,19 VO
0-11 10,583 A1 .79 e 30T =- A
1,80 4,04 4,75  e= 3,11 e- e
16,35 6,53 =+ 3By == 780 v
) 1,412 4,01 -~ 3B - 780
K-11 B4, G 1,285 5.51 421 ~= 3.3 =-
14,071 5. 4% 4.37 - 3.1 -
Y, /06 5.78 - V.82 - 2. 44
Va0 hLzh e bl e 2,72
G-11 1,000 b2 AER e 32 e
14,2417 h.yy 4.4 == 3.2/ --
1,753 5.0% = 4,00 - 2.2
1 Y Va, v 4,4y ~=- 4,02 -- 2,12
(Continued) (bhezt 13 ot 19)
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Tabie 5 (Concluded)

o Metlection, TmiliT T
Hlatinn Surface Distance from Center

Tent Trat o1 Temperature  Force of Plate, in.

[ Nis, Lucatijon Mate  Time °f 1h 0 12 24 _3v 48

5 MH-IB 3 Nav 82 86,0 14,317 J2 4,29 - 3,03 --
14,612 65 4.1 -- 3.0 --

14,300 16 - 3,46 --

.69 =~ 3.62  --

14,428
Jet 8.0 4,211 .50 1.34 - 1.10 .-
4,227 .87 1.42 - 0.94 -

4,115 .54 - 1.14 =« 0,75
4,195 38 -~ 1,14 -« 0.9
Y,153 07 4.95 - 2.01 e

9,184 5 2.8 ==  2.01 u-

9,109 .07 - 2,40 -~ 1.77
9,153 A5 =~ 2.44 “- 1.77

14,206 6 445 - 2,87 --
14,217 o b6 -- 287 --
14,237 76 - 3,62 - 2.64
Y Y 14,7237 LB -- 3,58 2,64
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Table 6

Test Data - Falling Weight Deflectometer - Joint Tests

NDetlection, mils

Station Surface Distance from Center
Test Test or Temperature Force of Plate, in. Deflection
Area No. location Date Time °F 1bh 0 12 36 Ratio _

1 TJ-1 C€3-C2 3 Nov 82 91.0 14,349 2.80 2.24 1.69 0.80
14,316 2.68 2.20 1.65 0.82
TJ-2  Cl2-C11 90.0 14,412 2.68 2.44 1.69 0.91
14,412 2,68 2.36 1.65 0.88
TJ-3  C21-C20 90.0 14,459  2.52 1 Rl 1.38 0.72
14,444 2.52  1.77 1.38 0.70
TJ-4  A22-A23 87.0 14,428 2.87 1,93 1.50 0.67
14,476  2.87 1,93 1.54 0.67
TJ-5 Al3-Al4 10:20 86.5 14,476  2.48  2.20 1.54 0.89
14,492 2.48 2.20 1.50 0.89
TI-6  A&-AS 14,380 2.60 2.36 1.77 0.90

16,555 2.60 2.36 1.77
TJ-7 B2-B1 88.0 14,492 5.39  1.10 0.91 0.20
14,476 5.39 1.06 0.87 0.20
TJ-8 B11-B10 87.0 14,460  3.27 1.42 1.06 0.43
14,396 3.19 1.38 1.06 0,43
TJ-9  B20-B19 87.0 14,237 5.24  1.38 1.10 0.26
14,221 5.28 1,54 1.10 0.29
TJ-10 B26~B25 87.0 14,523 3.66 1.26 1.02 0.34
14,317 3.62 1.34 0.98 0.37
LJ-11 Al-B81 88.0C 14,4646 2.1 2.17 1.54 0.75
14,539 2.91 2.17 1.50 0.75
LJ~12 B5-AS 88.0 14,466 3,86 1.69 1.22 0.44
14,317 3.6b 1.57 1.18 0.43
LJ~13 BB-C8 88.0 16,396 4,13 1.34 0.98 0.32
14,460 4,13 1.34 1.02 0.32
LJ-14 Cl12-B12 89.0 14,301 3.27 1.93 1.42 0.59
14,428 3.19 1.89 1.42 0.59
LJ-15 A16-Bl6 89.0 14,476 4.69  1.26 1.02 0.27
14,364 4,69 1.30 1.06 0.27
LJ-16 C18-B18 89.0 14,333  5.35 1.54 1.22 0.29
14,365 5.28 1.54 1.18 0.29
LJ-17 B20-C20 89.0 14,365 5.39  1.22 1.02 0.23
14,396 5.43 1.22 0.98 0.23
LJ-18 B23-A23 90.90 14,285 2.87 1.77 1.34 0.62
14,396 2,87 1.69 1.30 0.56
LJ-19 B26-C26 90.0 14,285 2.56 2.09 1.46 0.82
14,428  2.56 2.05 1.42 0.80
5 TJ-1 J15-J16 87.0 14,285 9.09 5.51 3.19 0.61
14,317 £.98 5.39 3.15 0.60
TI-2  J12-J13 87.0 14,253 11.46  3.11 2.17 0.27
1 14,269 11.50 3.03 2.17 0.26
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Table 6 (Concluded)

Test Test
Area No.

Station
or
Location

Date

5 TJ-3

TJ-4

TJ-5

TJ-6

Td-7

TJ-8

TJ-9

TJ-10

LJ-11

LJ-12

LJ-13

LI-14

LJ-16

LJ-17

1J-18

LJ-19

J9-J10

J6-J7

J3-J4

G5-G4

G8-G7

G11-G10

G14-G13

G17-G16

Al-Bl

E1-Fl

G1-H1

I11-J1

Hl-NI

Cl1-B11

Gl1-F11

K11-J11

011-N11

3 Nov 82

Time

0930

0900

_Deflection, mils
Distance from Center
of Plate, in.

Surface
Temperature Ferce
°F 1b 0

87.0 14,269  8.31
14,317 8.27
87.0 14,237 12.95
14,237 12.91
87.0 14,349 10,00
14,396  9.96
87.0 14,285 13.94
14,269 15.94
86.0 14,349 11.65
14,380 11.69
86.0 14,333 11.97
14,221 11.85
86.2 14,253 11.902
14,301 10.91
86.0 14,317 7.36
14,380  7.32
78.0 14,587 13.03
14,603 12.91
79.0 14,682 16,54
14,635 16.42
79.0 14,746 14.52
164,662 14.45
75.0 14,619 15.63
14,555 15.51
86.0 14,555 12.80
14,571 12.72
84.0 14,269 13.98
14,206 13.78
84.0 14,365 13.31
14,365 13,03
83.0 14,253 13.23
14,253 13.31
83.3 14,269 12.99
14,253 13.11
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Tabhle 7 :’_.' N
Air Temperature Data -
- e
o Maximum ' " Minimum .
Date Temperature Temperature A
(1982 _—CF °F AN
20 Oct 85 68 o
s
21 Oct 84 69 "
22 Oct 84 70 -
23 Oct ' 72 63 b
24 Oct 68 56 ;:;':._;_
25 Oct 72 57 :’\- e
;,
26 Oct 75 53 P
27 Oct 78 58 o
Py '\--"
28 Oct 81 62 A
29 Oct 82 65 e
a4
30 Oct 83 68
31 Oct 82 71
1 Nov 84 68
2 Nov &4 66
3 Nov 83 71
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